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SUMMARY 
 This research explores a series of wireless antenna sensors that are developed for 
convenient and low-cost monitoring of structures. The electromagnetic resonance 
frequency of an antenna changes when the antenna undergoes deformation, which is how 
strain or stress concentration is sensed. Building upon latest wireless technology, two 
antenna sensing mechanisms, radiofrequency identification (RFID) and frequency 
doubling, are adopted for antenna sensor designs. A multi-physics coupled simulation 
framework is proposed to improve the simulation accuracy. In order to improve the 
simulation efficiency, eigenvalue perturbation techniques are investigated for solving the 
eigenvalue problems formulated in electromagnetic domain.  
 This thesis first describes the RFID and frequency doubling mechanisms for 
strain/crack sensing. Based on the two mechanisms, a series of RFID antenna sensors and 
frequency doubling antenna sensors are designed. To improve the strain sensing 
simulation accuracy of the antenna sensors, mechanics-electromagnetics coupled 
simulation is proposed to use one finite element model that incorporated both mechanic 
and electromagnetic behaviors. To further improve the simulation accuracy, the dielectric 
constant change of the sensor substrate is quantified at different strain levels through 
experimental testing. The relationship between the dielectric constant and strain is 
incorporated into the mechanics-electromagnetics coupled simulation.  
 The mechanics-electromagnetics coupled simulation is usually time consuming, 
especially with large amount of frequency steps and complex sensor features. The 
antenna resonance frequency at each strain level can be solved as an eigenvalue problem 
in electromagnetic domain. To improve the simulation efficiency, two eigenvalue 
perturbation methods, first order eigenvalue perturbation method and the inverse 
Rayleigh quotient iteration method, are investigated and integrated with the coupled 
simulation process. Instead of solving the electromagnetic eigenvalue problem at every 
 xx 
strain step, the eigenvalue at a new strain step is directly updated according to eigenvalue 
results in the previous strain step. The simulation efficiency can be greatly improved by 
the proposed eigenvalue perturbation approaches.   
 In terms of implementation, a passive RFID folded patch antenna sensor is first 
developed. Experimental test results show that the sensor can measure strain as small as 
20 με and as high as 10,000 με. Using a Yagi reader antenna, the antenna sensor can 
achieve consistent strain sensing results when the interrogation distance is increased up to 
84 in. An array of sensors in close proximity is also demonstrated for effective strain 
measurement. Furthermore, the experimental results demonstrate that the sensor is 
capable of measuring small cracks and tracking crack propagation area.  To reduce the 
sensor footprint, two RFID slotted patch antenna sensors are developed. Planar of sensor 
is only about half of the folded patch antenna sensor.  With an active slotted patch 
antenna sensor that can receive power from a small solar cell, the interrogation distance 
can be further increased to 156 in. The slotted patch antenna sensors are also 
demonstrated for tension and compression strain sensing, emulated crack sensing, and 
fatigue crack sensing of both aluminum and steel specimens.     
 To further improve the strain sensitivity, multiple frequency doubling antenna 
sensors are designed and fabricated to operate at higher GHz frequencies. A Schottky 
diode is integrated in the sensor design for generating output signal at twice frequency of 
the input signal, which allows the wireless reader to easily distinguish backscattered 
sensor signal from unwanted environmental reflections. The frequency doubling antenna 
sensor includes two patch antennas, serving as 2.9GHz receiving antenna and 5.8GHz 
transmitting antenna, and a Schottky diode integrated matching network. The 
experimental results demonstrate that the strain sensitivity can be improved as five times 




CHAPTER 1  INTRODUCTION 
 In this chapter, Section 1.1 first briefly introduces the background and motivation 
of this research. Section 1.2 discusses research purpose and objective. Finally, Section 
1.3 presents the organization of this dissertation. 
Background and Motivation 1.1  
 In order to accurately assess deterioration of civil, mechanical, and aerospace 
structures, a large volume of research in structural health monitoring (SHM) has been 
inspired over the past few decades [1]. SHM systems can advance time-based 
maintenance into more cost effective condition-based maintenance. Sensors have been 
developed to measure various structural responses and operating conditions, including 
strain, displacement, acceleration, humidity, temperature, etc. Among the measurements, 
strain can be an important indicator for stress concentration and crack development. 
Metal foil strain gages are currently among the most common solutions for strain 
measurement, owing to their low-cost, simple circuitry, and acceptable reliability in many 
applications. However, when applied to large structures, traditional metal foil strain gages 
require lengthy cable connections for power supply and data acquisition, which can 
significantly increase installation time and system cost [2]. One objective of this research 
is to develop low-cost wireless antenna sensors for monitoring stress concentration and 
crack propagation in structures. Since the electromagnetic resonance frequency of an 
antenna is related to the antenna’s physical dimension, the resonance frequency changes 
when the antenna experiences strain. After bonding or embedding the antenna to a 
structure, this relationship between resonance frequency and strain can be used for 
stress/strain measurement. In order to efficiently design antenna sensors, multi-physics 
coupled simulation, as well as eigenvalue perturbation techniques, is also discussed. 
Literature review of relevant research topics is provided in the following three 
subsections. Section 1.1.1 first reviews conventional wireless SHM technologies. Section 
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1.1.2 introduces the state of the art of wireless antenna sensors. Section 1.1.3 discusses 
multi-physics coupled simulation techniques for antenna sensor designs. Eigenvalue 
perturbation algorithms are also briefly reviewed. 
 
1.1.1 Conventional Wireless Structural Health Monitoring (SHM) Technologies 
 Among many new SHM technologies, wireless sensing can help to significantly 
reduce instrumentation time and system cost [3-6]. An exhaustive review on wireless 
sensing for SHM can be found in Lynch and Loh [7], which summarizes development of 
various academic and industrial wireless sensing devices. A wireless sensing device 
usually has three functional modules: sensing interface (converting analog sensor signal 
to digital data), computing core (data storage and processing), and wireless transceiver 
(digital communication with peers or a wireless gateway server). To obtain different 
types of measurements, various sensors can be connected with the sensing interface of a 
wireless sensing device. For example, strain measurement is obtained by interfacing the 
device with a metal foil strain gage. In addition, current wireless sensing devices usually 
operate on external power source, such as batteries.   
 To avoid periodic battery replacement in the field, rechargeable batteries are 
usually deployed. These batteries are charged by an integrated energy harvester. Typical 
sources for energy harvesting include solar energy, mechanical vibration, and thermal 
gradients, etc [8]. However, even with a reliable source for energy harvesting, 
rechargeable batteries usually have a limited life span. Alternatively, passive wireless 
sensors can eliminate the dependency on battery power [9]. One of the approaches is to 
adopt radiofrequency identification (RFID) technology passive sensing [10].  An RFID-
based wireless sensor can capture operation power from wireless interrogation signal 
emitted by a reader. For example, a WISP (wireless interrogation and sensing platform) 
unit receives operation power from an ultra-high frequency (UHF) RFID reader, and 
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communicates with the reader through RFID interface [11]. Nevertheless, a WISP unit 
still contains a programmable microcontroller and an analog-to-digital converter, which 
makes its basic architecture belong to conventional wireless sensing devices as 
summarized by Lynch and Loh [7].  
 In summary, while wireless SHM systems improve installation convenience and 
economic efficiency, long term field application is limited due to its requirement of extra 
power supply. To alleviate the problem, passive wireless antenna sensors are developed. 
The next section briefly introduces the research status of wireless antenna sensors. 
 
1.1.2 Wireless Antenna Sensors 
 Other researchers have proposed wireless passive strain sensors based on 
inductive coupling that involves two adjacent inductors [12-14]. The interrogation 
distance achieved by inductive coupling is usually limited to several inches, which is 
inconvenient for practical applications. Similarly, Matsuzaki et al [15] proposed a half 
wave-length dipole antenna to detect damage in CFRP structures. The damage introduced 
antenna property changes, including power spectrum and return loss, are measured and 
used as the damage indicator. A circular patch antenna sensor has been proposed for 
omnidirectional strain sensing by wirelessly measuring scattering parameter [16].  
Another passive on-chip RF-MEMS strain sensor is developed for bio-medical 
application [17]. Without proper signal modulation, the sensor operates in the near field 
of a reader antenna.  As a result, the wirelessly received sensor signal is mixed with 
background reflection; only limited interrogation distance is achieved.   
 In order to increase interrogation distance, electromagnetic backscattering 
techniques have been exploited for wireless strain sensing. For example, a patch antenna 
has been designed for wireless strain sensing [18, 19], where a phototransistor is adopted 
for modulating the RF signal backscattered from the antenna sensor. As a result of the 
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modulation, backscattered sensor signal can be distinguished from environmental 
reflections. However, besides requiring line of sight, the light-switching mechanism is 
not practical for outdoor application, where light intensity is usually so strong that the 
phototransistor is constantly activated and thus, loses ability of switching. As another 
example, Thomson et al. [20] developed an RF cavity sensor for wireless strain sensing.  
An external antenna needs to be connected with the cavity sensor for interrogation. Due 
to the cavity configuration, the sensor is more suitable for embedment inside concrete, 
instead of installation on a metallic surface. To distinguish sensor signal from 
environmental noise, signal modulation mechanism is important to ensure reliable signal-
to-noise ratio, and thus the sensor performance. Occhiuzzi et al [21] proposed a meander-
line RFID antenna sensor for wireless strain sensing. The shift in the power level is 
correlated with applied strain to determine structural deformation. Since the power level 
is susceptible to environmental noise, the measurement accuracy is limited.  
  The current commercial off-the-shelf RFID chips have limited operating 
frequency range [22]. In order to design sensors operating at higher frequency range for 
improved strain sensitivity, an alternative way of signal differentiation mechanism is 
frequency doubling. The frequency doubling operation is implemented through a 
Schottky diode, which is a nonlinear circuit device and can generate output signal with 
frequencies at harmonics (multiples) of input frequency. For example, with an input 
signal at frequency f, the output signals are located at 2f, 3f, and other multiples of its 
input frequency.  Diode frequency multipliers have been adopted for energy harvesting 
[23], insect tracking [24], among others. In [25], a high efficiency frequency doubling 
device is designed using a GaAs Schottky diode that provides 1% conversion efficiency 
at -30 dBm input power. Nevertheless, to the author’s best knowledge, no other literature 
uses Schottky diode to enable frequency doubling for wireless passive strain sensing. 
 Based on the strain/crack sensing mechanism of RFID antenna sensors and 
frequency doubling antenna sensors, the sensor design processes are usually realized in 
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commercial software packages specialized on electromagnetic structures, such as HFSS 
(High Frequency Structural Simulator), CST (Computer Simulation technology), ADS 
(Advanced Design System), Sonnet Suites, etc. The adopted simulation techniques are 
briefly reviewed in the following section. 
 
1.1.3 Multi-physics Coupled Simulation 
 Since traditional antenna designs are all related with computational 
electromagnetics, special techniques can be applied to improve the simulation efficiency 
and accuracy. A large amount of studies have been conducted to develop various 
simulation methods in computational electromagnetics, such as finite difference time 
domain (FDTD) method [26, 27], multiresolution time-domain method (MRTD) [28],  
finite element method (FEM) [29, 30], finite integration technique (FIT) [31], method of 
moment (MOM) [32, 33], transmission-line-matrix method [34, 35], method of lines 
(MOL) [36], etc. While the specialized techniques provide accurate and efficient solvers 
in electromagnetics, they may have difficulties when integrated with modeling in other 
physical domains, such as mechanics. In order to accurately simulate strain sensing 
performance of antenna sensors, it is necessary to use coupled simulation to model 
different boundary conditions in different domains. There are also some commercial 
multi-physics coupled simulation software packages available, such as COMSOL 
Multiphysics [37], ANSYS [38], CST [39], etc.  More accurate simulation results are 
expected with coupled simulation implementation. 
 The coupled simulation discussed in this research is mainly mechanics and 
electromagnetics coupling, i.e. mechanical deformation induced electromagnetic 
performance change of antenna sensors. In this application, the coupled simulation needs 
to identify the relationship between the resonance frequency shift and strain. The 
resonance frequency can be determined by antenna reflection coefficient (S11) plot from 
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frequency domain solver [40]. In the S11 plot between simulated frequency (x-axis) and 
S11 results (y-axis), the minimum point of the S11 curve is defined as the resonance 
frequency of antenna sensors. In order to identify the resonance frequency at each strain 
step, the S11 parameter needs to be simulated for many frequency points in a relatively 
large frequency range. The process is even more time-consuming when the simulation 
needs to be performed for tens or hundreds of strain steps. To significantly increase 
simulation accuracy, eigenvalue solver can be adopted to effectively determine the 
resonance frequency through a formulation of eigenvalue problem. Compare with 
frequency domain solver, eigenvalue solver can improve simulation efficiency, but 
requires large computer memory. Furthermore, for a complex 3D model, the dimensions 
of large matrices involved with the eigenvalue problem usually have the order of 
magnitude around 10,000 or 100,000. As a result, the eigenvalue solution can be 
computationally expensive.  
 To further improve the coupled simulation efficiency for multiple strain steps, this 
dissertation proposes to apply eigenvalue perturbation technique for determining 
eigenvalues. Instead of solving the eigenvalue problem from scratch at each and every 
strain step, an eigenvalue perturbation technique utilizes eigenvalue and eigenvector 
results from previous strain step to improve solution efficiency. Many eigenvalue 
perturbation techniques have been developed in the last several decades, such as the first-
order eigenvalue perturbation method [41, 42], the Rayleigh quotient iteration [43], and 
the homotopy method [44]. The eigenvalue perturbation methods have been applied to 
many different problems with small matrix variations, such as structural damage 
detection [41, 45], modal reanalysis [46, 47], adaptive finite element analysis [48], etc. 
The perturbation theory also finds good application in electromagnetics, such as Slater’s 
cavity perturbation theorem to determine perturbed electromagnetic field [49-51], 
eigenvalue perturbation for shifted material boundaries [52, 53], etc. By utilizing 
eigenvalue perturbation techniques, the simulation efficiency is expected to be improved. 
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The simulation performance of these perturbation methods need to be investigated for the 
mechanics-electromagnetics coupled simulation. 
 
Purpose and Objective 1.2  
 The main research objective of this dissertation is to develop a multi-physics 
modeling and simulation framework for designing wireless strain/crack antenna sensors. 
For efficient and accurate sensor design, a series of key issues, including multi-physics 
coupled simulation, electrical property characterization of substrate materials under 
mechanical deformation, and eigenvalue perturbation algorithms, are investigated.  The 
objectives are elaborated in the following list:  
 1. To improve the simulation accuracy of the antenna sensor design through 
multi-physics coupled simulation. Previously, antenna sensor design is analyzed in the 
electromagnetic domain only, using inaccurate deformed antenna shape. To evaluate 
strain effect to the sensor behavior, simple scaling according to applied strain and 
Poisson’s ratio is usually adopted. To improve the simulation accuracy, mechanics-
electromagnetics coupled simulation will be investigated. The multi-physics coupled 
simulation renders accurate deformed antenna shapes available for characterizing antenna 
behavior under strain. In addition, this research will quantify dielectric property change 
of the substrate material under mechanical deformation. The variation of the substrate 
dielectric constant will be investigated when the material is subjected to mechanical 
deformation. The relationship between dielectric constant change and applied strain will 
be further integrated with multi-physics coupled simulation. 
 2. To improve the simulation efficiency by investigating eigenvalue perturbation 
techniques in the coupled simulation. The determination of antenna sensor resonance 
frequency will be formulated as an eigenvalue problem first. Several eigenvalue 
perturbation algorithms, including the first-order eigenvalue perturbation method (FOP), 
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the inverse Rayleigh quotient iteration method (RQI), and Arnoldi solvers with different 
starting vectors, will be studied and applied to the formulated eigenvalue problem. A 2D 
dipole antenna and a 3D slotted patch antenna sensor will be adopted as validation 
examples to investigate the algorithm performance on different problems. To achieve a 
detailed comparison, both the perturbation efficiency and accuracy will be discussed with 
different perturbed strain sizes. 
 3. To design and validate a series of antenna sensors for strain and crack sensing. 
Two different types of antenna sensors are validated, including RFID antenna sensors and 
frequency doubling antenna sensors. Specifically, four RFID antenna sensors are 
developed, including folded patch antenna sensor, passive slotted patch antenna sensor, 
active slotted patch antenna sensor, and silver-nanoparticle antenna sensor. The folded 
patch antenna sensor is first designed to validate the strain sensing concept. The passive 
slotted patch antenna sensor is then designed to reduce the sensor footprint, while 
maintaining same operating frequencies. The active slotted patch antenna sensor is then 
designed to improve the interrogation distance by integrating an off-the-shelf solar cell. 
The silver-nanoparticle antenna sensor is further designed to reduce the fabrication cost. 
Another four frequency doubling antenna sensors are designed to operate in a higher 
frequency band. Targeting with field application requirements, the antenna sensors are 
investigated for their sensing capabilities on interrogation distance, resolution, range, 
consistency, sensor array capability. The sensors will also be verified for their crack 
sensing capability by simulated crack test and fatigue test.  All antenna sensors will also 
be compared for their performance. 
  
Organization of Dissertation 1.3  
The rest of this dissertation is organized as follows.  
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CHAPTER 2 introduces strain/crack sensing mechanisms of two types of antenna 
sensors, RFID antenna sensor and frequency doubling antenna sensor. Section 2.1 
presents strain and crack sensing mechanisms of RFID antenna sensors in Section 2.2 
presents strain sensing mechanism of frequency doubling antenna sensors. The 
relationship between applied strain and resonance frequency shift is discussed and 
analyzed.  
CHAPTER 3 proposes multi-physics coupled simulation framework of antenna 
sensors. Specifically, mechanics-electromagnetics coupled simulation is proposed for 
RFID antenna sensors, while mechanics-AC/DC-electromagnetics coupled simulation is 
proposed for frequency doubling antenna sensors. To further improve the coupled 
simulation, the substrate dielectric constant is characterized under strain and further 
applied to the coupled simulation. Several coupled simulation examples are presented to 
validate the simulation framework. Section 3.1 first presents the coupled simulation 
framework. Section 3.2 presents dielectric constant characterization of the substrate 
material under strain. Based on the coupled simulation framework, the modeling results 
of some representative antenna sensors in this research are presented in Section 3.3, 
including folded patch antenna sensor, slotted patch antenna sensors, and frequency 
doubling antenna sensors.  
CHAPTER 4 proposes eigenvalue perturbation framework to determine resonance 
frequency changes of antenna sensors at multiple strain steps. The antenna sensor 
simulation is formulated as an eigenvalue problem. Several eigenvalue perturbation 
methods are then applied to the formulated eigenvalue problem. Further examples are 
presented to validate the perturbation efficiency and accuracy. Section 4.1 first describes 
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the finite element formulation of the antenna sensor design in. Based on the formulation, 
first-order eigenvalue perturbation method and inverse Rayleigh quotient iteration 
method are introduced to improve the simulation efficiency in Section 4.2. Section 4.3 
presents 2D dipole antenna and slotted patch antenna as examples to validate the 
perturbation accuracy and efficiency. The perturbation results are also compared between 
different perturbation algorithms.  
CHAPTER 5 presents strain and crack sensing results of antenna sensors. Section 5.1  
presents the sensing results of folded patch antenna sensor, including strain sensing 
resolution, range, interrogation distance, consistency, sensor array, emulated crack, and 
fatigue crack sensing. To improve the temperature stability of the antenna sensor, a 
folded patch antenna sensor based on temperature insensitive substrate is designed and 
tested (Section 5.1.8). Section 5.2 describes the sensing results of passive slotted patch 
antenna sensor and compared with previous folded patch antenna sensor results. Section 
5.3 presents test results of the active slotted patch antenna sensor, which is designed to 
improve the interrogation distance of antenna sensors by integrating an off-the-shelf solar 
cell. To reduce the fabrication cost, a silver-nanoparticle antenna sensor is designed based 
on inkjet printing technology. Section 5.4 presents the strain sensing results of the silver-
nanoparticle printed antenna sensor. Section 5.5 presents the test results of four 
prototypes of frequency doubling antenna sensors.  The results are also compared among 
the four prototypes. 
CHAPTER 6 presents a summary of the research and the primary conclusions. 











CHAPTER 2 ANTENNA SENSOR DESIGN MECHANISMS 
As introduced in the previous chapter, two major categories of antenna sensors 
are explored in this research, RFID (radiofrequency identification) antenna sensor and 
frequency doubling antenna sensor. In general, an antenna is used for radiating or 
receiving wireless radio waves [54]. When the antenna is also used to detect certain 
physical parameter, the antenna works as a wireless sensor. For example, antenna sensors 
have been developed for measuring displacement [55], strain [56], crack [57], corrosion 
[58], etc. An RFID sensor-reader system includes a reader and an antenna sensor. The 
system operation relies on electromagnetic backscattering. However, the antenna itself 
cannot distinguish the sensor signal from environmental noise. In order to differentiate 
the antenna reflection (backscattering), RFID signal modulation is a widely implemented 
technique [10]. With signal modulation, the return signal from the antenna sensor is 
modulated with unique pattern to differentiate environmental noise and interrogation 
signal. An RFID antenna sensor contains an integrated RFID chip for signal modulation. 
In [59], an RFID antenna sensor is developed for strain sensing, where magnitude of the 
strain sensitivity is approximately the same as the initial designed resonance frequency of 
the antenna. In order to further increase the strain sensitivity, it is needed to significantly 
increase the initial designed resonance frequency of antenna. There are some active RFID 
systems and sensors available around the 2.45 GHz frequency band for vibration sensing 
[60], temperature sensing [61], etc. However, they require extra on-board battery, which 
is not suitable for the long-term structural health monitoring. In order to design sensors 
working at higher resonance frequency (e.g. S band (2~4 GHz) or C band (4~8 GHz)), 
some other signal differentiation technique (instead of RFID) is needed. One option is the 
frequency doubling mechanism [25]. A frequency doubling sensor contains two antennas, 
a receiving one and a transmitting one. The receiving antenna receives the interrogation 
signal from a reader. Then the transmitting antenna emits signal at the doubled frequency 
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back to the reader. In this research, The frequency doubling performance is achieved by 
using the second harmonic generation of a Schottky diode integration [62]. Because the 
backscattered signal from sensor is different from the original interrogation signal 
frequency of reader, the backscattered signal is easily distinguished from environmental 
noise at the original interrogation frequency.  
This chapter introduces strain and crack sensing mechanisms of both types of 
antenna sensors. Section 2.1 describes the strain/crack sensing mechanism of the RFID 
antenna sensor. Section 2.2 presents the strain/crack sensing mechanism of frequency 
doubling antenna sensors.  
 
 RFID Antenna Sensor 2.1
The RFID technology has become a pervasive in everyday life [10, 63, 64]. The 
technique has been greatly adopted in logistics [65], inventory management, homeland 
and personal security, and mobile health care [66]. Fig. 2.1 shows a passive wireless 
antenna sensing system, which consists of an RFID reader and an RFID antenna sensor. 
Functioning as a wireless strain/crack sensor, the RFID antenna sensor includes an 
antenna for data transmission and an integrated RFID chip for signal modulation. The 
modulation function of the RFID chip helps the antenna sensor to differentiate sensor 
signal from environmental noise. The RFID chip adopted in this research is SL3ICS1002 
from NXP Semiconductors [67]. The chip conforms with EPC Class-1 Generation-2 UHF 
RFID Protocol and operates in a frequency range between 860 MHz and 960 MHz [22]. 
Operation of the RFID system relies on the backscattering mechanism, which refers to 
the reflection of electromagnetic wave from an illuminated object back to a source.  The 
reader emits interrogation electromagnetic wave to the antenna sensor. If the power 
received by the antenna sensor is higher than the activation power threshold of the RFID 
chip, the sensor is activated and reflects electromagnetic wave back to the reader.  
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Because the RFID antenna sensor receives all operating power wirelessly from the 
reader, the operation is passive (battery-free).  
 
 
Fig. 2.1. Power transmission and backscattering in a passive RFID system with wireless 
antenna sensors 
 
As shown in Fig. 2.1, upon the interrogation from the RFID reader, the power 
received at the sensor-side antenna is denoted as P2. Assuming there is no obstacle 
between the reader and the sensor, the relationship between P1 and P2 can be 
approximated by the Friis free-space formula [68]: 
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where G1 and G2 are the gain of the reader antenna and sensor-side antenna, respectively, 
d is the distance between the reader and the antenna sensor, and λ is the wavelength of the 
interrogation electromagnetic signal.  The antenna gain is determined by the shape and 
dimension of each antenna. 
Inside the RFID antenna sensor, the power is then transferred from the sensor-side 
antenna to the RFID chip.  This power transfer process is similar to the scenario of a 
battery (with its own internal resistance) powering an outside resistor.  The power 
















sensor-side antenna in this application) matches the impedance of the load (i.e. the RFID 
chip).  When impedance mismatch occurs between the sensor-side antenna and the chip, 
a portion of the power is reflected back from the chip to the sensor-side antenna. The 
power reflection coefficient of the sensor-side antenna, , can be calculated as a measure 














where ZLoad and ZANT represent the impedance of the chip and the sensor-side antenna, 
respectively; S11 is the reflection coefficient of the antenna.  Both impedance parameters 
are functions of the interrogation frequency f. The superscript “*” represents the 
conjugate of a complex number.  In general, the analytical form of  as a function of the 
interrogation frequency f is difficult to obtain.   
The relationship between the power interrogated by the sensor-side antenna, P2, 
and the power received at the chip, P3, is determined by the power reflection coefficient
( )f : 
 3 2 1 ( )P P f   (2.3) 
The antenna sensor is classified as passive because the sensor does not require its 
own power supply, i.e. the sensor receives its operation power entirely through the 
electromagnetic emission/illumination from the reader.  The minimum operating power 
for the adopted chip (SL3ICS1002 from NXP Semiconductors) is 0.03mW (milliwatt, 
PIC), which is a constant irrelevant to the interrogation frequency in the UHF frequency 
range. For a certain interrogation frequency f, the power threshold of an RFID antenna 
sensor is defined as the minimum interrogation power P1 required to activate the RFID 
chip, so that the chip responds to the reader. At each reading frequency, a reader 
operating in power threshold mode can automatically adjust the interrogation power P1 so 
that P3 is just enough to activate the RFID chip: 
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3 ICP P  (2.4) ( 
Substitute Eq. (2.4) into Eq. (2.3) and Eq. (2.1), the interrogation power threshold 

















 (2.5) ( 
The RFID antenna sensor has been designed in a way that when the interrogation 
frequency f is equal to the resonance frequency of the RFID antenna sensor, best 
impedance matching between the sensor-side antenna and the RFID chip occurs.   
Therefore, the least amount of power needs to be transmitted by the reader for activating 
the RFID antenna sensor, which means the interrogation power threshold plot P1(f) 
(measured by the reader) achieves minimum value at the resonance frequency. 
 Once an antenna sensor is bonded on a structural surface for strain/crack 
measurement, the sensor deforms together with the structure. As a result, the antenna 
length changes with structural deformation. Eq. (2.6) shows that resonance frequency of a 
regular patch antenna (without folding), 
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where c is the speed of the light, L is the physical length of the copper cladding on the 
antenna,  reff  is the effective dielectric constant of the antenna substrate, and L is the 
additional electrical length corresponding to reff .  Because the width-to-thickness ratio is 
much smaller than one, the effective dielectric constant reff  has approximately the same 
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where h and W are thickness and width in the substrate, respectively, r0  is the relative 
dielectric constant of the substrate at room temperature without any deformation. The 









    (2.8) 








L L  
 
 ( )( )
 (2.9) 
When strain ε is small, the resonance frequency changes approximately linearly with 
respect to strain: 
Patch Patch 2 3 Patch
R R0 R0(1 ) (1 )f f f           (2.10) 
The equation shows that if strain  is small, the resonance frequency shifting is 
approximately linear to strain. This linear relationship indicates that strain can be derived 
by measuring shift in the antenna resonance frequency. This serves as the fundamental 
strain sensing mechanism of the wireless antenna sensor. Although the width of the 
antenna also changes according to Poisson’s ratio, the effect of width change to the 
resonance frequency is relatively small and can be neglected. Fig. 2.2(a) and (b) illustrate 
relationship between sensor deformation and antenna resonance frequency. The top 
copper cladding is the antenna pattern for receiving and transmitting signals. The bottom 
layer is also a copper cladding served as the ground plane. Sandwiched between them is 
the dielectric polymer substrate to separate top copper cladding from ground plane. When 
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strain ε is positive, the resonance frequency f decreases. On the other hand, if strain ε is 




(a) Positive strain ε in the longitudinal 
direction 
(b) Illustration of interrogation power 
threshold measurement 
Fig. 2.2. Conceptual illustration of relationship between sensor deformation and 
resonance frequency change 
 
 Although the RFID protocol allows for a broad frequency range (840~960MHz) 
in America, Europe, and Asia, 824~896 MHz is within the cellular frequency band in the 
U.S. Therefore, for practical implementation, the resonance frequency of the folded patch 
antenna is shifted outside the cell phone frequency band (e.g. around 915 MHz), so that 
issues with environmental noise are avoided. In the microstrip patch antenna design, the 
effective electrical length of a patch antenna is around half wavelength. Resonance 
frequency of the patch antenna is dependent on the surface current path, as shown in Fig. 
2.3.  According to Eq. (2.8), the half wavelength on Rogers 5880 substrate is 110 mm at 
915MHz resonance frequency. In other words, to maintain a resonance frequency at 
915MHz, length of the entire current path needs to keep at 110mm. As a result, the 





































strain measurement. To reduce sensor size while maintaining the RFID operation 
frequency at 915MHz , current detouring on the RFID antenna sensor is needed. 
 
 
Fig. 2.3. Illustration of the surface current vector in the patch antenna sensor 
 
 To achieve current detouring, a folded patch antenna is first designed as a passive 
antenna sensor [56, 59].  Fig. 2.4 shows the design of the antenna sensor. The form of 
patch antenna is adopted to provide good radiation performance on metallic structural 
surfaces. The top cladding is the antenna pattern for signal receiving and transmitting. 
The bottom copper cladding serves as ground plane. Sandwiched between them is the 
dielectric polymer substrate. Vias through the substrate are used for connecting the top 
copper cladding with the ground plane on the back, forming a folded patch antenna. Fig. 
2.5 shows the surface current paths of the folded patch antenna sensor. The dashed arrow 
line indicates the current patch on the bottom ground plane, while the solid arrow line 
indicates the current path on the top copper cladding. As shown in the figure, the surface 
current is detoured along the vias. The detoured surface current pattern reduces the sensor 
size by half, which makes the sensor to have a quarter wavelength design. The adopted 
substrate material is Rogers RT/duroid
®
5880 with a thickness of 31 mils (0.79mm). The 
material is a glass microfiber reinforced poly-tetra-fluoro-ethylene (PTFE) composite 








Fig. 2.4. RFID antenna as wireless antenna sensor for strain and crack sensing 
 
 
Fig. 2.5. Surface current paths of the folded patch antenna sensor 
 
 Due to current detouring, the antenna resonance frequency of the folded antenna 










When the antenna experiences strain deformation of ε in the longitudinal direction, the 
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 (2.12) 
This approximately linear relationship indicates that the applied strain can be derived by 













 Due to sensor fabrication and installation tolerances in practice, zero-strain 
resonance frequencies of different pieces of installed antenna sensors can slightly differ. 
To alleviate the influence on strain measurement, a concept of normalized resonance 
frequency change is defined. The resonance frequency change is normalized by initial 










     (2.13) 
where ∆fN represents normalized frequency change, and fR is the resonance frequency 
when antenna is under strain ε. Although Eq. (2.13) shows magnitude of ∆fN 
approximately equals magnitude of strain ε, in practice, ∆fN usually has a smaller 
magnitude.  The primary reason is that only a percentage of the strain on structural 
surface is transferred through antenna substrate to the top copper layer of the sensor. This 
strain transfer effect reduces the achieved strain sensitivity, as described by following 
equation. 
N Nf S   ε (2.14) 
Here SN is the normalized strain sensitivity with a value close to and less than 1 ppm/με 
(ppm - parts per million). 
 The approximately linear relationship between resonance frequency shift and 
applied strain serves as sensing mechanism of the RFID antenna sensor. As explained in 
Eq. (2.12) and (2.13), the strain sensitivity is directly correlated with initial resonance 
frequency of the RFID antenna sensor. To further increase the strain sensitivity, it is 
essential to increase the antenna resonance frequency (e.g. up to a few GHz). However, 
the EPC Class-1 Generation-2 UHF RFID Protocol only operates from 860 MHz to 960 
MHz [22]. There is no standard RFID protocol defined for GHz frequency range.  
Commercial passive RFID chips and readers are not available at desired GHz frequency 
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range for high-resolution strain sensing. Therefore, alternative approaches need to be 
exploited in order to operate at higher frequencies. 
 
 Frequency Doubling Antenna Sensor 2.2
Frequency doubling technique is one promising method to differentiate sensor 
signal from environmental noise without signal modulation through an RFID chip. A 
frequency doubling device consists of three main components, i.e., a receiving antenna 
(with resonance frequency fR0), a transmitting antenna (with resonance frequency 2fR0), 
and a diode-integrated matching network between receiving and transmitting antennas. 
Fig. 2.6 illustrates the operation mechanism of a frequency doubling device. During 
operation, a wireless interrogation signal is emitted from the reader side by a function 
generator and through a transmitting reader antenna. If interrogation frequency f is in the 
neighborhood of fR0, (resonance frequency of the receiving patch antenna at device side), 
interrogation power is captured by the sensor-side receiving patch antenna and 
transferred to the matching network. Due to nonlinear behavior of the diode, the output 
signal from diode has larger amplitude at harmonics (multiples) of the incident 
frequency. In this application, the second harmonic (2f) of the incident frequency is 
investigated and measured by the reader. The output signal at 2f is backscattered to reader 
through sensor-side transmitting patch antenna (resonance frequency at 2fR0). A spectrum 
analyzer finally measures the backscattered signal at reader side. Frequency of 
backscattered sensor signal is at 2f, and the unwanted environmental reflections to 
original reader interrogation signal remains at f. Therefore, it is easy for the spectrum 





Fig. 2.6 Operation mechanism of a passive frequency doubling device 
 
 When a patch antenna is used as the receiving antenna at the sensor side, the 
antenna resonance frequency fR0 follows the same formulation as Eq. (2.6). The equation 











If only the receiving antenna part of the sensor is bonded on a structural surface, while 
other sensor components (i.e. matching network and transmitting antenna) remain 
floating, the resonance frequency of the device-side receiving antenna changes with strain 
(according to Eq. (2.10)). The shifted resonance frequency response then flows through 
the matching network and transmitting antenna, and finally backscatters to the reader-side 
spectrum analyzer. By quantifying resonance frequency change of the backscattered 
signal, structural strain can be derived.  
 As an example, Fig. 2.7 shows design drawing and photo of the frequency 
doubling sensor prototype A. In this sensor prototype, a 2.9 GHz patch works as the 
receiving antenna and a 5.8 GHz patch works as the transmitting antenna. In the matching 
network, a Schottky diode SMS7621-079LF from Skyworks Solutions, Inc. is installed to 





















Electronic Components (PCD1864CT) is connected in parallel with the diode to improve 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 2.7. Frequency doubling sensor prototype A. 
  
 The frequency doubling sensor has a power flow mechanism as illustrated in Fig. 
2.8. P0 represents the received power at the 2.9 GHz receiving antenna. P1 and P2 denote 
the power before and after the matching network, respectively. Finally, P represents the 
power being backscattered to the reader. 
11
RS  and 11
TS  are scattering-parameters of the 
receiving and transmitting antennas, respectively. If the 2.9 GHz patch antenna is 
deformed due to strain, the resonance frequency of the antenna shifts away from 2.9 
GHz. From Port 1 to Port 2, frequency is doubled to 5.8 GHz by the diode in the 
matching network. The 5.8 GHz patch antenna receives the signal from Port 2, and 
finally, wirelessly backscatters to the 5.8 GHz reader antenna. Thus, the shift around 
doubled resonance frequency (due to strain) can be measured by the spectrum analyzer at 
the reader side. When the sensor is under strain, change in the backscattering 










Fig. 2.8. Power flow of frequency doubling antenna sensor. 
  
 Summary 2.3
This chapter presents strain and cracking sensing mechanisms of RFID antenna 
sensor and frequency doubling antenna sensor. As the sensor-side antenna deforms along 
with the monitored structures, the electromagnetic resonance frequency changes 
accordingly. The resonance frequency shift is then correlated with applied strain. The 
relationship between resonance frequency change and strain is the sensing mechanism of 
the RFID antenna sensor and the frequency doubling antenna sensor. All RFID antenna 
sensors and frequency doubling antenna sensors presented in this research, including 
folded patch antenna sensor, slotted patch antenna sensors, and four prototypes of 
frequency doubling antenna sensors, are all designed to follow the presented strain and 
crack sensing mechanisms. The multi-physics coupled simulation results of these antenna 
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CHAPTER 3 MULTI-PHYSICS MODELING  
As described in CHAPTER 1, several commercial software packages are 
available for multi-physics coupled simulation, such as COMSOL Multiphysics
TM
, CST 
(Computer Simulation Technology), and ANSYS-HFSS (High Frequency Structural 
Simulator). Accurate simulation of the first type of antenna sensors described in Section 
2.1, the RFID antenna sensors, involves mechanics-electromagnetics coupling. All three 
packages support the coupled multi-physics simulation, but CST has the limitation that 
the port location needs to be fixed during mechanical simulation. In addition, because the 
eigenvalue solver in both CST and ANSYS-HFSS do not support PML (perfectly 
matched layer), COMSOL is used for mechanics-electromagnetics coupled simulation of 
RFID antenna sensors.  
Section 3.1 introduces framework of the multi-physics coupled simulation. 
Section 3.2 presents characterization of substrate dielectric constant change under strain. 
Both strain transfer test and resonator frequency change test are conducted to ensure the 
accuracy of the material property characterization. Section 3.3 first presents mechanics-
electromagnetics coupled simulation of folded patch antenna sensor and slotted patch 
antenna sensor, followed by mechanics-AC/DC-electromagnetics coupled simulation of 
the frequency doubling antenna sensor. 
 
 Modeling Framework 3.1
Behavior of the RFID antenna sensors involves both mechanics and 
electromagnetics. Accurate simulation of the antenna behavior requires a multi-physics 
modeling framework. To obtain general ideas of how the antenna sensor behaves under 
mechanical deformation, a first attempt is to simply scale the antenna sensor dimensions 
according to the applied strain and Poisson’s ratio. The simple scaling thus estimates 
sensor deformation with limited accuracy. Nevertheless, early literatures in antenna strain 
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sensors adopted this approach and performed electromagnetic simulation of deformed 
antenna using simply scaled shapes [56, 72]. Fig. 3.1 shows the strain distribution 
comparison between simple scaling and mechanical simulation of a folded patch antenna 
sensor when 2,000 με along y-direction is applied to the back/bottom of the antenna. 
With simple scaling, the strain generated on the top copper cladding is assumed to be 
uniformly 2,000 με along y-direction (Fig. 3.1(a)). For the mechanical simulation, the 
folded patch antenna is bonded to a long aluminum plate. Longitudinal displacement is 
applied to one end of the plate, so that 2,000 με along y-direction is generated in the 
aluminum plate.  Fig. 3.1(b) shows that the strain distribution on the top copper cladding 
is not uniform and only strain at the center area is close to 2,000 με. The strain at the 
edges and around the vias is quite different. Fig. 3.1(c) shows that the A-A view of the 
deformed shape through simple scaling remains a regular rectangle shape. However, as 
shown in the Fig. 3.1(d) an accurate mechanical simulation demonstrates the warped 
deformed shape and the shear lag effect through the thickness of the antenna. Because 
even small shape differences affect electromagnetic simulation results of the antenna, 
instead of simple scaling, it is important to adopt mechanics-electromagnetics coupled 
simulation.  
When modeling the RFID antenna sensors, the main goal is to simulate the 
electromagnetic resonance frequency change of the antenna under mechanical 
deformation. To simulate antenna performance under strain, the mechanics module is 
coupled with electromagnetics module to compute the new resonance frequency under 
strain. Since the electromagnetic fields have little effect on the mechanical behavior of 
the sensor, the mechanical simulation is first conducted at prescribed strain levels. After 
the mechanical simulation at certain strain level, the deformed meshing of the antenna 
structure is directly used for electromagnetic simulation. The convenience is achieved 
through the moving meshes, which indicates that accurate deformed shape is used for the 




(a) Strain distribution in top copper 
cladding from simple scaling (εy=2,000με) 
(b) Strain distribution in top copper 
cladding from mechanical simulation 
  
(c) A-A section view of strain distribution 
from simple scaling 
(d) A-A section view of strain distribution 
from mechanical simulation 
Fig. 3.1. Strain distribution comparison between simple scaling and mechanical 
simulation 
 
The second type of antenna sensors described in Section 2.2 is frequency 
doubling antenna sensor. As described in Section 2.2, a frequency doubling antenna 
sensor includes a receiving antenna (with resonance frequency fR0), a transmitting 
antenna (with resonance frequency 2fR0), and a diode-integrated matching network 
between receiving and transmitting antennas. To simulate the nonlinear behavior of the 
diode needed for frequency doubling, the simulation software package needs to have an 
AC/DC module. Furthermore, harmonic balance simulation is needed to characterize the 
second harmonic performance of the diode output, i.e. at a frequency twice the diode’s 

























calculating distortions in nonlinear devices or circuits. With incident frequency at f before 
entering the diode, the second harmonic (at frequency 2f) of the output signal is 
computed by harmonic balance simulation in the ADS (Advanced Design System from 
Agilent Technology) software package. Because currently COMSOL does not support 
harmonic balance simulation, ADS is adopted for simulating the matching network 
(containing the diode) of frequency doubling sensors. Meanwhile, the rest of the 
frequency doubling antenna sensors, including the receiving and transmitting antennas, 
are simulated in COMSOL due to the need of coupling mechanics and electromagnetics.  
Fig. 3.2 shows the flow chart of the multi-physics coupled simulation of the 
frequency doubling antenna sensor. To simulate strain sensing performance of the 
frequency doubling antenna sensor, the mechanical behavior of the 2.9 GHz sensor-side 
receiving antenna is first simulated in COMSOL. The displacement field and deformed 
antenna structure is then coupled to electromagnetic simulation of the same antenna. 
Within the electromagnetic simulation, the antenna impedance (Za) at each simulated 
frequency point is recorded, which is used as input port impedance of the harmonic 
balance simulation of the matching network in ADS. In this case, the matching network 
simulation has frequency dependent impedances to coordinate the sensor-side receiving 
antenna behavior. The harmonic balance simulation in ADS then generates and records 
the output power (Pout in Fig. 3.2) at twice the simulated frequency. The output power 
from ADS can be transformed as output port voltages (Vout in Fig. 3.2), which are further 
used as input port voltages of the sensor-side transmitting antenna simulation in 
COMSOL. In the end, the overall frequency doubling sensor performance is achieved by 
combining COMSOL and ADS results. 
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Matching network and diode 
(Harmonic balance simulation 
in ADS)
5.8 GHz transmitting antenna 
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Fig. 3.2.  Flow chart of the multi-physics coupled simulation of frequency doubling 
antenna sensor 
 
 Characterization of Substrate Dielectric Constant Change under Strain 3.2
Most radiofrequency (RF) applications using the adopted substrate material 
(Rogers RT/duroid
®
 5880) do not require the material to be under strain. As a result, the 
material manufacturer does not provide detailed electrical behaviors of the material under 
strain. However, different from ideal solid, small voids always exist in the material. 
When the material is under strain, distortion of the voids can affect the dielectric constant 
and thus, affect the antenna resonance frequency. In order to accurately model and 
simulate the antenna behavior under strain, the substrate dielectric constant change needs 
to be characterized under strain.  
Many techniques have been developed to measure substrate dielectric constant in 
the past several decades [74-76]. The ASTM standard D3380-10 uses stripline techniques 
to measure the dielectric constant of substrates.  The substrate material manufacturer 
Rogers Corporation also uses long stripline, which is fully embedded inside the substrate, 
to measure the dielectric constant of Rogers substrate from below 1 GHz to about 14 
GHz [77]. Stripline test is also used to determine the substrate dielectric constant in X-
band (8~12 GHz) frequency range [78]. The stripline is designed to be a resonator within 
 31 
certain frequency range. The dielectric constant is determined by measuring resonance 
frequency and resonator dimensions. To have reproducibility of measurement results, 
both sides of the stripline is usually covered by fixtures in order to have stable and 
accurate measurement results. In other methods [79, 80], the substrate, with copper on 
both sides, is designed to be a cavity and the dielectric constant is also determined by 
measuring different resonance frequencies and substrate dimensions. In addition, 
microstrip line, which consists of conductive traces (e.g. copper) and separated from the 
ground plane with the substrate, can also be used to determine the substrate dielectric 
constant by reflection cancellation method and line balancing method [81]. In our 
research, the substrate dielectric constant is quantified at different deformation statuses. 
The fixture covered stripline is not applicable to this research, while the cavity design in 
[79, 80] does not fit with this research due to its double copper ground plane 
configuration. Instead, a microstrip line resonator is designed to determine the substrate 
dielectric constant.  
 
3.2.1 Theoretical Analysis 
 Fig. 3.3 shows the design of a half-wavelength microstrip line resonator, which 
has a resonance frequency of 950 MHz. The resonator consists of top copper microstrip 
lines, which is separated from the bottom copper ground plane by the 31-mil Rogers 5880 
substrate material. The resonance frequency is determined by the length of center 
microstrip line. Forward transmission coefficient (S21) is used to quantify the power 
transmitted from Port 1 to Port 2 at certain electromagnetic frequency. S21 can be 









  (3.1) 
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where 1
iV is the incident voltage at Port 1 and 2
oV  is the output voltage at Port 2 with same 
electromagnetic frequency as the input. While S21 can be quantified at different 
electromagnetic frequencies, maximum power can be transferred from Port 1 to Port 2 at 
resonance frequency. The peak of the S21 curve of a resonator corresponds to the 
resonance frequency of the resonator. 
 
 
Fig. 3.3. Resonator design for characterizing of dielectric constant versus strain. 
 







  (3.2) 
where fR0 is the estimated resonance frequency of the resonator, c is the speed of light, L 
is the length of center transmission line, βr0 is the dielectric constant of the substrate at 
zero strain. During the measurement, the resonator is bonded to the structural surface by 
superglue. The bonding between the structural surface and the resonator is assumed to be 
perfect, as well as the bonding between the substrate and the top copper microstrip lines 
and bottom copper ground plane. However, the strain experienced by the top microstrip 
line is usually smaller than the strain on the bottom copper ground plane and the 
structural surface, due to shear lag effect through the 31-mil Rogers material. Note that 
Eq. (3.2) has similar form as Eq. (2.11). Nevertheless, previous formulation does not 
consider possible dielectric constant (βr0) change due to strain, as well as strain transfer 
112 mm 1 mm1 mm
Port 1 Port 2
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ratio between bottom copper ground plane and top copper microstrip lines. Assuming the 






  (3.3) 
where t  is the strain experienced on the top copper cladding, and   is the actual strain 
on the base structural surface (i.e. strain at the bottom copper cladding of the resonator). 
Considering dielectric constant variation over strain, when strain is applied to the bonded 










   ( ) ( )
 (3.4) 
where ∆L is the center transmission line length change due to strain t ; ∆βr is the 
dielectric constant change with strain t . Comparing Eq. (3.4) and (3.2), the resonance 
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Since r r0   , higher order terms of r r0   in Eq. (3.6) is neglected, Eq. (3.5) is 
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The resonance frequency change due to dielectric constant change and applied strain can 
be de-coupled according to Eq.(3.5).  The relative dielectric constant change, when base 










        (3.8) 
According to Eq. (3.8), the dielectric constant can be updated at each strain level. The 
relationship in Eq. (3.8) needs to be implemented for accurate simulation of antenna 
behavior under strain. To quantify the actual dielectric constant change, the resonator 
design is fabricated for tensile testing, and the results are presented in the following 
section.  
 
3.2.2 Dielectric Constant Characterization through Resonator Measurement 
This section presents experimental results of the dielectric constant change under 
strain. In order to improve the characterization results, a strain transfer test is first 
conducted and presented in Section 3.2.2.1. The resonator test is further used to 
characterize the dielectric constant change under strain after the strain transfer 
calibration. The characterization results are presented in Section 3.2.2.2. 
3.2.2.1 Strain transfer test  
To achieve an accurate material characterization, the strain transfer ratio is first 
calibrated between the aluminum specimen and top copper cladding of the substrate 
material Rogers 5880. Fig. 3.4 shows the experimental setup of the strain transfer 
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calibration test. The resonator shown in Fig. 3.3 is bonded at the side of an aluminum 
specimen. Five metal foil strain gages are also installed in the center area of the 
aluminum specimen. To check the strain transfer ratio, another three metal foil strain 
gages are installed on the top copper cladding of the resonator.  A National Instruments 
strain gage module (NI 9235), with a CompactDAQ Chassis (NI cDAQ-9172), is used for 
collecting data from metal foil strain gages. The axial force applied by the 100-kN 
Instron 8802 machine is configured so that approximately a 500 µε strain increment is 




(a) Specimen configuration (b) Experimental setup 
Fig. 3.4 Experimental setup for strain transfer calibration 
 
Fig. 3.5 summarizes the experimental results of the strain transfer test. Fig. 3.5(a) 
shows the strain differences between strain of the aluminum specimen and the top copper 
cladding of the substrate material. As the applied strain increases, the strain difference 
also increases gradually. Fig. 3.5(b) shows the strain transfer ratio between the two 
Strain gages on the top cladding
Strain gages on the aluminum specimen
Rogers 5880 
substrate
Strain gages on the top 
cladding





layers. The strain transfer results will be further used to calibrate the following 
electromagnetic measurement results. 
  
(a) Strain differences (b) Strain transfer ratio m  
Fig. 3.5 Experimental results for strain transfer calibration 
 
3.2.2.2 Tensile testing of the resonator  
To calculate r  according to Eq.(3.8), the resonator in Fig. 3.3 is fabricated and 
tested under strain. Fig. 3.6 shows experimental setup for the tensile test. The resonator is 
installed along the side of an aluminum specimen, together with five metal foil strain 
gages in the center area of the specimen. The S21 coefficient of the resonator is measured 
by a vector network analyzer (VNA). A National Instruments strain gage module, with a 
CompactDAQ Chassis, is used for collecting data from metal foil strain gages. The axial 
force applied by the MTS-810 machine is configured so that approximately a 500 µε 
strain increment is achieved at each loading step. The test starts with zero strain, and ends 
at around 2,000 µε. 


























































Fig. 3.6 Experimental setup for dielectric constant characterization 
 
Fig. 3.7(a) plots measured S21 of the resonator at five different strain levels. The 
strain levels in Fig. 3.7(a) are the average value among the five metal foil strain gages, 
after strain transfer calibration [59]. Value of S21 reaches its maximum value at resonance 
frequency of the resonator. The resonance frequency of the resonator at zero strain level 
is fR0 =948.705 MHz. Fig. 3.7(a) shows a clear resonance frequency decrease during 
strain increment. For accuracy, a 4
th
 order polynomial curve fitting is performed to the 
peak area of each plot [59].  The fitted 4
th
 order polynomial is used for identifying the 
resonance frequency that corresponds to the maximum S21. For example, the measured 
S21 at zero strain level is plotted as the solid line in Fig. 3.8.  The received power reaches 
its maximum value at the resonance frequency.  Since the peak area of the plot is 
relatively flat, the precise resonance frequency is not obvious.  To resolve this difficulty, 
a 4
th
 order polynomial curve fitting is performed to the peak area, which is shown as the 
dashed line in Fig. 3.8.  The value of the fitted 4
th
 order polynomial is evaluated at a 
frequency step of 0.001MHz, and the resonance frequency (for zero strain level) is 








(a) Measured S21 plots at different strain 
levels 
(b) Resonance frequency change under 
strain t  
Fig. 3.7 Experimental results of the tensile test for resonator 
 
Fig. 3.7(b) shows the relationship between resonance frequency change and 
applied strain. The resonance frequency at strain t =1,810 µε is about 947.04 MHz. 
According to Eq.(3.8), the corresponding dielectric constant changes at different strain 
levels can be calculated and the results are shown in Fig. 3.9. As shown in this figure, the 
dielectric constant of the substrate decreases gradually as the applied strain increases. The 
dielectric constant decreases from 2.2 to 2.1998, when strain increases from 0 to 1,810 
µε. The relationship between the dielectric constant change and the strain is not linear, 
which indicates the necessity of dielectric constant calibration under strain in order to 
improve the simulation accuracy. The relationship between dielectric constant variation 
and applied strain calculated from Eq. (3.8) is to be used in mechanics-electromagnetics 
coupled simulation to further improve the simulation accuracy. 
 






















































 = -0.000921  + 948.713
 R2 = 0.9999 
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Fig. 3.8. Curve fitting to the S21 plot at zero strain level 
 
 
Fig. 3.9. Dielectric constant change under strain 
 
 Multi-Physics Modeling Examples 3.3
For illustration, multi-physics coupled simulation models of two RFID antenna 
sensors and one frequency doubling antenna sensor are presented in this section. Section 
3.3.1 describes mechanics-electromagnetics coupled simulation of the folded patch 
antenna sensor in COMSOL. Section 3.3.2 describes the RFID slotted patch antenna 
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sensor simulation. Section 3.3.3 presents the multi-physics simulation of a frequency 
doubling antenna sensor modeled in ADS and COMSOL.  
 
3.3.1 Folded Patch Antenna Sensor 
 Fig. 3.10 shows the simulation model for an RFID folded patch antenna sensor in 
COMSOL [37]. The sensor is bonded at the center of an aluminum plate. The RFID chip 
is simulated as a lumped port with the same electrical impedance (Zc = 13.3-122 j Ω) as 
the chip. The bonding between the bottom copper cladding of the antenna sensor and the 
aluminum plate is assumed to be ideal, i.e. no relative displacement occurred at the 
interface. Similarly, bonding between the top/bottom copper cladding and the substrate 
material is assumed to be ideal. The antenna sensor and the aluminum plate are placed at 
the center of an air sphere. At the outer surface of the air sphere, boundary condition is 
set as a perfectly matched layer (PML). The PML boundary condition allows 
electromagnetic wave emitted by the antenna sensor to pass through with minimal 
reflections, which mimics the dissipation of electromagnetic wave into infinite free space.  
The two copper cladding layers, i.e. top and bottom, are meshed using shell elements 
with a thickness of 0.017mm. Key mechanical and electromagnetic properties of the 
materials are summarized in Table 3.1. Copper and aluminum materials are modelled as 
perfect electric conductor (PEC) in the electromagnetic simulation. In the mechanical 
simulation, tetrahedral and prism elements are adopted to model solid structures such as 
the aluminum specimen, substrate, and PML layer, and to efficiently resolve boundary 
layers. For modeling shell structures, such as top and bottom copper cladding, triangular 
elements are used to reduce discretization error and quadrilateral elements are adopted to 
achieve better numerical accuracy. In the electromagnetic simulation, the air sphere and 
the PML layer are similarly modelled as tetrahedral and prism elements. Table 3.2 lists 
the number of each type of element, and the number of DOFs in COMSOL model. 
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Fig. 3.10. Multi-physics simulation model of the folded patch antenna sensor using 
COMSOL 
 
Table 3.1. Key properties of the materials using COMSOL simulation model 
 










Relative permittivity (βr0) 2.2 1 1 
Conductivity (S/m) 0.5×10
-9
 PEC PEC 
Poisson’s ratio 0.4 0.35 0.33 








Table 3.2. Number of elements and degrees of freedom in the folded patch antenna sensor 
model 








 In the mechanical simulation, only the aluminum plate and the antenna sensor 
(including the substrate and two copper layers) are involved, while the air sphere is 
neglected. Prescribed displacements are applied at two ends of the aluminum plate, so 
that five different strain levels (from 0 to 2,000με at an increment step of 500με) are 








Perfect electric conductor 
(PEC) surface
RFID chip (lumped port)
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deformed meshing is directly used for electromagnetic simulation to determine the 
resonance frequency of the antenna sensor under strain. During the electromagnetic 
simulation, a frequency domain solver is used to calculate reflection coefficient S11. S11 
quantifies impedance matching between the lumped port (RFID chip) and the antenna. 
Smaller S11 value means the RFID chip can emit more electromagnetic energy through 
the antenna into the air, indicating better matching and higher antenna efficiency.  The 
simulated frequency range is 907.5~916.5 MHz with a frequency step of 0.05 MHz. The 
average computation time for one frequency point is about 503 seconds. The total 
computation time is roughly proportional to number of strain steps and number of 
frequency points per strain step. In this study with five strain steps and 181 frequency 
points per strain step, the total computing time on an 8GB Intel Core 2 Duo CPU 
machine is 455,216 seconds. The required memory for the computation in frequency 
domain solver is around 3 GB. 
Fig. 3.11 (a) presents simulated strain distribution in the longitudinal direction on 
the aluminum plate and the antenna sensor, when the applied strain in the plate is 2,000 
με (along y-direction). Approximately uniform strain distribution is achieved around the 
center of the aluminum plate. On the other hand, the strain distribution on top copper 
cladding is not uniform, especially close to vias. Fig. 3.11 (b) shows the surface current 
density distribution in y-direction on the top copper cladding. The figure clearly shows 
the surface current flows along top cladding and detours along the vias, which is the 
reason of adopting the folding pattern for sensor size reduction (Section 2.1).  
Fig. 3.12 (a) and Fig. 3.12 (b) plot the normalized electric fields when the sensor 
is at zero strain, for two different interrogation frequencies (911.6 MHz and 909.95 
MHz), respectively.  Fig. 3.12 reveals that the electric field is stronger when the sensor 
operates at 911.6 MHz.  In other words, at zero strain, a 911.6 MHz interrogation signal 
results in stronger antenna sensor radiation than a 909.95 MHz interrogation signal (with 
the same power level). As a matter of fact, resonance frequency of the antenna sensor at 
 43 
zero strain is 911.6 MHz. Fig. 3.13 shows simulated normalized electric fields at the 
same two interrogation frequencies, when the antenna is at 2,000 µε strain level.  
Opposite to Fig. 3.12, the electric field at 911.6 MHz is weaker than the electric filed at 
909.95 MHz. In other words, at 2,000 µε, a 909.95 MHz interrogation signal results in 
stronger antenna sensor radiation than a 911.6 MHz interrogation signal with the same 
power level. Likewise, the resonance frequency at 2,000 µε is 909.95 MHz. 
 
  
(a) Strain distribution in y-direction 
(b) Surface current density in y-
direction 
Fig. 3.11. Field distributions from mechanics-electromagnetics coupled simulation of 
folded patch antenna sensor at 2,000 µε. 
 
  
(a) Normalized electric field at 911.6 MHz 
(fR0 at 0 µε) 
(b)  Normalized electric field at 909.95 
MHz  
Fig. 3.12. Normalized electric field at two different operating frequencies of the folded 


































(a) Normalized electric field at 911.6 MHz  
(b)  Normalized electric field at 909.95 
MHz (fR at 2,000 µε) 
Fig. 3.13. Normalized electric field at two different operating frequencies of the folded 
patch antenna sensor (2,000 με) 
 
 Fig. 3.14(a) shows simulated S11 plot of the folded patch antenna sensor at five 
different strain levels. At each strain level, the antenna resonance frequency can be 
extracted by peak picking. Clear frequency decrease is observed when strain increases. 
As previously mentioned, at zero strain level, the antenna resonance frequency is found 
to be 911.6 MHz. At 2,000 µε, the resonance frequency decreases to 909.95 MHz.   
 The resonance frequency at each strain level is extracted from Fig. 3.14(a) and the 
resonance frequency change versus strain relationship is plotted in Fig. 3.14(b). The 
strain sensitivity is 824 Hz/με, which means 1 με strain experience by the folded patch 
antenna sensor introduces 824 Hz sensor resonance frequency decrement. The 
corresponding normalized resonance frequency change is calculated according to Eq. 
(2.13). Fig. 3.14(c) plots the relationship between normalized resonance frequency 
change and strain. The normalized strain sensitivity is 0.8982 ppm/με, which means 1 
με strain experienced by the folded patch antenna causes 0.8982 ppm decrease in 
resonance frequency. The normalized strain sensitivity is lower than 1 ppm/με, mainly 
due to shear lag effect described by Eq. (2.14) and dielectric constant change under 


























(a) Simulated S11 plots at different strain 
levels 
(b) Resonance frequency change  versus 
strain ε  
 
(c) Normalized resonance frequency change ∆fN versus strain ε ( fR0 = 911.6 MHz) 
Fig. 3.14. Simulation results for the folded patch antenna 
 
 To further improve the mechanics-electromagnetics coupled simulation accuracy, 
the dielectric constant change presented in Section 3.2 is integrated in the simulation. The 
dielectric constant changes in Fig. 3.7 are used to tune the dielectric constant at each 
simulated strain level. All other simulation setup is the same as presented early in this 
section. The simulation results are shown in Fig. 3.18. The strain sensitivity in Fig. 
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3.18(a) is 799 Hz/με, which is about 25 Hz/με smaller than the simulation results 
without considering dielectric constant change (Fig. 3.14(b)). The corresponding 
normalized strain sensitivity is 0.8752 ppm/με as presented in Fig. 3.18(b). These results 
will be compared with experimental results to verify the simulation accuracy. 
 
  
(a) Resonance frequency change  versus 
strain ε 
(b) Normalized resonance frequency 
change ∆fN versus strain ε 
Fig. 3.15. Simulation results for the folded patch antenna after implementing dielectric 
constant changes 
 
 Similar as metal foil strain gages, the transverse (cross) sensitivity needs to be 
studied to investigate the effect of antenna width variation on strain sensitivity. The 
transverse sensitivity of the antenna sensor is the sensor behavior in response to strain 
perpendicular to the antenna length direction (i.e. strain along the direction of antenna 
width). In order to simulate the transverse sensitivity, prescribed displacements along x-
direction are applied to two ends of the aluminum plate in Fig. 3.16, so that required 
strain levels are generated. At the same time, the other two ends of aluminum plate are 
fixed to prevent displacement in y-direction. These mechanical boundary conditions are 
aimed to generate strain primarily in sensor width direction, while keeping deformation 
in sensor length direction to be negligible.  



















 f = -0.000799  + 911.599
 R2 = 1.0000 
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Fig. 3.16. Updated multi-physics simulation model of the folded patch antenna sensor 
with larger aluminum plate 
 
 Strain distributions on the antenna top copper cladding in x (width) and y (length) 
directions are shown in Fig. 3.17, when the strain applied to the aluminum plate is 
2,000με in x-direction. The strain distribution εx on the top cladding is also to 2,000με as 
shown in Fig. 3.17(a). On the other hand, the strain εy around the center of the top 
cladding is less than 50 με, which is much smaller than εx.  
 
  
(a) Strain distribution in antenna width 
direction (εx) 
(b) Strain distribution in antenna length 
direction (εy) 









Perfect electric conductor 
(PEC) surface















   The corresponding S11 results are shown in Fig. 3.18(a). Although the applied 
strain in x direction is changed from 0με to 2,000με, the resonance frequency shift is very 
small compared with the frequency shift in Fig. 3.14(a), when the strain is applied in the 
senor length direction (y-direction). The corresponding normalized frequency change is 
plotted in Fig. 3.18(b). The normalized transverse sensitivity is 0.0066 ppm/με, which is 
only 0.73% of the longitudinal sensitivity in Fig. 3.14(c). The small normalized strain 
sensitivity in the transverse direction indicates that the width dimension variation has 
little effect on the resonance frequency shift of the folded patch antenna.  
 
  
(a) Simulated S11 plots at different strain 
levels 
(b) Normalized resonance frequency 
change ∆fN versus strain ε 
Fig. 3.18. Simulation results of the folded patch antenna under transverse strain 
 
3.3.2 Slotted Patch Antenna Sensor 
This section describes the multi-physics modeling and simulation of a slotted 
patch antenna designed to reduce the sensor footprint by detouring the surface current 
path [72]. Although the folded patch antenna sensor shows good performance for 
wireless strain sensing, the sensor size is still relatively large.  For further size reduction, 
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a slotted patch configuration is investigated. Fig. 3.19 shows an example slotted patch 
antenna design, whose dimension is reduced to 44 mm × 48 mm× 0.79 mm. An RFID 
chip is located in the top middle of the sensor for RFID signal modulation. Vias are also 
adopted to connect top copper cladding with bottom copper ground plane. The slots in the 
copper cladding generate a detoured surface current path. For the slotted patch antenna 































(a) Top skewed view (b) Bottom skewed view 
Fig. 3.19. Illustration of the surface current flows in the slotted patch antenna (dotted 
lines represent current on the opposite surface of the view). 
 
 Fig. 3.20 shows the COMSOL simulation model of the passive slotted patch 
antenna sensor. All boundary conditions are similar as described in the Section 3.3.1. 
Prescribed displacements are applied at two ends of the aluminum plate, so that five 
different strain levels (from 0 to 2,000 με at an increment step of 500 με) are generated in 
the aluminum plate.  The simulated frequency range is 909~915 MHz with a frequency 
step of 0.1 MHz. The resonance frequency is finally determined by picking the lowest 










of DOFs in COMSOL model. The average computation time for one frequency point is 
about 498 seconds. The total computation time is also related with total frequencies 
points and strain steps. The total computation time for five strain steps and 61 frequency 
points is 151,911 seconds. The required memory for the computation in the frequency 
domain solver is around 2.5 GB, which is still acceptable. 
 
Table 3.3. Number of elements and degrees of freedom in the slotted patch antenna 
sensor model 









Fig. 3.20. Multi-physics simulation model of slotted patch antenna sensor using 
COMSOL 
 
Fig. 3.21(a) presents simulated strain distribution in the longitudinal (y-direction) 
direction on the aluminum plate and the antenna sensor, when the applied strain in the 
plate is 2,000 με. Approximately uniform strain distribution is achieved around the center 
of the aluminum plate. On the other hand, the strain distribution on top copper cladding 
has large variations that are highly dependent on the slotted pattern. Fig. 3.21(b) shows 




RFID slotted patch 
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figure clearly shows the surface current density detouring along the slots and the vias, 
which as intended enables sensor size reduction. Fig. 3.22(a) and Fig. 3.22(b) plot the 
normalized (magnitude) electric fields when the sensor is at zero strain, for two different 
interrogation frequencies (912.2 MHz and 910.8 MHz), respectively.  Fig. 3.22 reveals 
that at zero strain, a 912.2 MHz interrogation signal results in stronger antenna sensor 
radiation than a 910.8 MHz interrogation signal (with the same power level). Fig. 3.23 
shows simulated normalized electric fields at the same two interrogation frequencies, 
when the antenna is at 2,000 µε strain.  Opposite to Fig. 3.22, Fig. 3.23(a) shows weaker 
electric field than Fig. 3.23(b).  In other words, at 2,000 µε, a 910.8 MHz interrogation 
signal results in stronger antenna sensor radiation than a 912.2 MHz interrogation signal 




(a) Strain distribution in y-direction 
(b) Surface current density in y-
direction 




















(a) Normalized electric field at 912.2 MHz 
(fR0 at 0 με) 
(b)  Normalized electric field at 910.8 MHz  
Fig. 3.22. Normalized electric field at two different operating frequencies of the slotted 
patch antenna sensor (0 με) 
 
  
(a) Normalized electric field at 912.2 MHz 
(b)  Normalized electric field at 910.8 MHz 
(fR at 2,000 με) 
Fig. 3.23. Normalized electric field at two different operating frequencies of the slotted 
patch antenna sensor (2,000 με) 
 
Fig. 3.24(a) shows simulated S11 plots at different strain levels. As expected, the 
resonance frequency of the antenna sensor reduces as the strain increases. The resonance 
frequency at each strain level is extracted and plotted in Fig. 3.24(b).  Linear regression is 
applied to the data points and the regression results are shown in the figure. The strain 
sensitivity is ‒719 Hz/με, which means 1 με generated on the aluminum specimen 
V/m (104) V/m (104)
V/m (104) V/m (104)
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introduces 719 Hz resonance frequency decrement. The normalized resonance frequency 
is plotted against strain in Fig. 3.24(c). The normalized strain sensitivity is ‒0.784 ppm 
(part per million)/με, which means 1 με generated on the aluminum specimen causes the 
resonance frequency to decrease by 0.784 ppm. The coefficient of determination (R
2
) is 
also calculated to show the linearity. A value of 0.9999 indicates very good linearity.  
 
  
(a) S11 parameter (b) Resonance frequency change versus 
strain ε 
 
(c) Normalized resonance frequency change ∆fN versus strain ε ( fR0 = 912.2 MHz) 
Fig. 3.24. Strain simulation results of the passive slotted antenna sensor from 
COMSOL 
 











































 f = -0.000719 + 912.229
 R2 = 0.9999 
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 Fig. 3.25 shows the design drawing and photo of a fabricated RFID slotted patch 
antenna sensor. The footprint of the slotted patch antenna is about half of the previously 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.25. Slotted patch antenna sensor with passive RFID chip 
 
 In order to increase the interrogation distance of the antenna sensor, an active 
RFID chip is used to replace the passive RFID chip in a slotted patch antenna sensor. The 
adopted active RFID chip is SL3S1013 model from NXP Semiconductors. When a small 
power source (such as a solar cell) is available, the active RFID chip can be powered by 
solar cell and provide longer interrogation distance.  Meanwhile, when power source is 
not available, the chip can still operate as a passive one.  The slotted antenna pattern is 
tuned to match the impedance of the active RFID chip. Table 3.4 summarizes the 
parameters of the passive and active RFID chips. As shown in the table, the minimum 
operating power of the active RFID chip is -17.5 dBm when no external power source is 
connected, which is higher than the passive RFID chip. Since the smaller operating 
power indicates larger interrogation distance, the active slotted patch antenna sensor is 
expected to have larger interrogation distance even without external power source. When 
external power source such as solar cell is connected to the active sensor, the minimum 
operating power is further reduced to -27 dBm, which means more increment in 





Table 3.4. Parameter summaries of adopted passive and active RFID chips 
Chip 
type 














8 – 288 j 
-27 dBm  
(with power supply) 
-17.5 dBm  
(without power supply) 
1.8 V 14 μA 
 
 Fig. 3.26 (a) shows simulated S11 plots of the active slotted patch antenna sensor 
at different strain levels. As expected, the resonance frequency of the antenna sensor 
reduces as strain increases. The resonance frequency at each strain level is extracted; the 
normalized resonance frequency is plotted against strain in Fig. 3.26 (b). The normalized 
strain sensitivity is ‒0.7672 ppm (part per million)/με, which means 1 με generated on the 
aluminum specimen causes the resonance frequency decreases by 0.7672 ppm. The 
coefficient of determination (R
2
) is calculated to be 0.9996, indicating a good linearity.  
  
(a) S11 parameter (b) Resonance frequency versus strain 
Fig. 3.26. Strain simulation results of the active slotted antenna sensor from 
COMSOL 
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 Fig. 3.27 shows design drawing and photo of the active slotted patch antenna 
sensor. The footprint of the slotted patch antenna is the same as the passive slotted patch 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.27. Slotted patch antenna sensor with active RFID chip 
 
3.3.3 Frequency Doubling Antenna Sensor 
 As indicated by Eq. (2.8) and (2.10), if operating frequency of the antenna sensor 
is increased, not only strain sensitivity can be improved but also sensor size can be 
reduced. However, commercial passive RFID chips and readers are not available at GHz 
frequency range desired for high-resolution strain sensing. Alternative approaches need 
to be exploited in order to operate at higher frequencies.  A novel wireless antenna sensor 
design is investigated in this research, which adopts a frequency doubling scheme to 
enable sensor operation at a high frequency [82].  The basic concept is to let the sensor 
double the frequency of reader interrogation signal (f) and backscatter signal at the 
doubled frequency (2f).  Because environmental reflections to reader interrogation signal 
are concentrated at f, the reader only receives signal backscattered from the sensor at 2f.  
 Section 3.3.3.1 presents the first frequency doubling sensor (prototype A) with a 
2.9 GHz (f) and a 5.8 GHz (2f) patch antenna for receiving and transmitting, respectively.  




by a 5.8 GHz wideband antenna to remove any possible multiple peaks in the received 
power plot. Section 3.3.3.3 presents a modified design with the 5.8 GHz patch antenna 
rotated by 90° (prototype C), which intends to remove the coupling effect through the 
orthogonal polarization.  Section 3.3.3.4 describes another modified design (prototype D) 
with the wideband antenna also rotated by 90° to remove the coupling effect.    
3.3.3.1 Prototype A with 5.8 GHz transmitting patch antenna 
 Fig. 3.28 shows design drawing and photo of the prototype A frequency doubling 
sensor. In this prototype, a 2.9 GHz patch functions as the receiving antenna and a 5.8 
GHz patch functions as the transmitting antenna. Similar as the RFID antenna sensor 
simulation, the bonding between the bottom copper cladding of the frequency doubling 
antenna sensor and the aluminum plate is assumed to be ideal. Meanwhile, bonding 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.28. Frequency doubling sensor prototype A. 
 
 The 2.9 GHz patch antenna is first simulated in COMSOL. Fig. 3.29 shows the 
mechanics-electromagnetics coupled simulation model. The 2.9 GHz patch antenna, 








sphere is the PML, which used to truncate the simulation domain. To explore the strain 
sensing capability of the sensor, prescribed displacements are applied to the two ends of 
the aluminum plate. The 2.9 GHz antenna, which is bonded on top of the aluminum plate, 
deforms together the aluminum plate under applied displacements. All other parts of the 
sensor in Fig. 2.7, including the matching network and the 5.8 GHz transmitting antenna, 
are strain free. The prescribed displacements are adjusted so that about 500με is 
generated in the center of the aluminum plate at two adjacent steps. Fig. 3.30 shows S11 
plot of 2.9 GHz patch antenna. The resonance frequency of the antenna at zero strain 
level is around 2.901 GHz. As the applied strain increases, the antenna resonance 
frequency decreases gradually as expected. Since the reflection coefficient S11 indicate 
the matching between antenna impedance and the port impedance, S11 can be converted 














where Zp is the port impedance (i.e. 50 Ω in the 2.9 GHz parch antenna simulation); Za is 
the antenna impedance. The computed antenna impedances based on S11 results (in Fig. 

















Fig. 3.30. Simulated S11 of the 2.9 GHz patch antenna 
 
 The matching network design integrating the diode, Skyworks SMS7621-079LF 
model, is then performed in the software package ADS (Advanced Design System). The 
matching network simulated in ADS is shown in Fig. 3.31. The dimension of the 
matching network is 56 mm × 30.5 mm. Because diode is a nonlinear circuit device, 
power loss of the diode-integrated matching network is dependent on input power level. 
To characterize backscattering behavior of the doubling sensor, sensor response for a 
neighborhood frequency range needs to be analyzed. To this end, power loss due to 
diode-integrated matching network is investigated by a harmonic balance simulation in 
ADS. The input power to the matching network at Port 1 is set to 10dBm. Furthermore, 
the input impedance at Port 1 is set as the 2.9 GHz antenna impedance calculated 
according to Eq. (3.11). In this case, the frequency response of the 2.9 GHz patch antenna 
is coupled with the matching network simulation. After the harmonic balance simulation, 
the output power at doubled frequency 2f from the simulated matching network at Port 2 
is recorded. The results are plotted in Fig. 3.32. At zero strain level, the resonance 
frequency of the 2.9 GHz patch antenna and matching network combined, is around 






















2.898 GHz, which is about 3 MHz smaller than the 2.9 GHz patch antenna simulation. 
The shift of resonance frequency at zero strain level between two simulations indicates 
that it is necessary to perform the combined simulation in order to improve the accuracy. 
Furthermore, the resonance frequencies of the 2.9 GHz patch antenna and matching 
network combined simulation decreases as the increased strain experienced by the 2.9 
GHz patch antenna. The output power at Port 2 of the matching network is then 
converted to the port voltage according to the following equation: 
out out p
V P Z  (3.12) 
where Pout is output power from Port 2; Zp is the impedance of Port 2 (i.e. 50 Ω); Vout is 
the output voltage at Port 2. The calculated voltage from Eq. (3.12) is then used as input 
voltage at the port of 5.8 GHz patch antenna simulation.  
 
 
Fig. 3.31. Matching network model simulated in ADS 
 
Diode
Port 1 Port 2
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Fig. 3.32. Output power of diode-integrated matching network (input power at frequency 
f, output power at 2f as marked on the x-axis) 
 
 Fig. 3.33 shows the COMSOL simulation model of the 5.8 GHz patch antenna. It 
is similar as the 2.9 GHz patch antenna simulation, except that the input port voltage is 
based on the previous simulation combining 2.9 GHz patch antenna and matching 
network, instead of constant voltage in the 2.9 GHz patch antenna simulation.  
 
 
Fig. 3.33. Multi-physics simulation model of 5.8 GHz patch antenna using COMSOL 
 
 The relationship between output electric power and frequency at each strain level 
is again plotted in Fig. 3.34(a).  Resonance frequency of the entire sensor is shown to 
decrease as strain increases. The resonance frequency at each strain level is extracted 









































from Fig. 3.34 (a), and plotted against strain in Fig. 3.34 (b). The figure shows simulated 
strain sensitivity at 5.471 kHz/µε, which is more than five times higher than the RFID-
based antenna sensor in Section 3.3.1 and 3.3.2. 
  
  
(a) Output electric power for multiple strain 
levels 
(b) Resonance frequency versus strain 
 
Fig. 3.34. Strain sensing simulation results for the frequency doubling antenna sensor 
 
3.3.3.2 Prototype B with 5.8 GHz transmitting wideband antenna 
 Fig. 3.35 shows design drawing and photo of the frequency doubling sensor 
prototype B. In prototype B, the 5.8 GHz patch antenna of previous prototype A is 
replaced with a 5.8GHz wideband patch antenna. The 5.8 GHz wideband patch antenna is 
designed to remove any possible multiple peaks in the received power plot.  In prototype 
A design, both 2.9 GHz and 5.8 GHz patch antennas are narrow band. If both antennas 
are well matched, i.e. 2.9 GHz patch has a resonance frequency at fR0 while 5.8 GHz 
patch has a resonance at 2fR0, then the overall response only has one peak. Due to limited 


























































 f = -0.005471 + 5791.920
 R2 = 0.9989 
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be exactly doubled. Without doubled resonance frequency, the overall frequency 
doubling sensor response can be wideband or even multiple peaks exist. In order to deal 
with the possible multiple peaks problem, the 5.8 GHz patch antenna is designed to be 
wideband. In this case, the sharpness of sensor overall response is only determined by 2.9 
GHz patch antenna. The wideband patch antenna consists of a two-layer design, while 2.9 
GHz and the matching network are single layer designs. An inductor of 33 nH from 
Panasonic Electronic Components (PCD1864CT) is also added in parallel to the diode, so 





(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.35. Frequency doubling sensor prototype B 
 
3.3.3.3 Prototype C with 5.8GHz transmitting patch antenna rotated by 90° 
 Fig. 3.36 shows design drawing and photo of the prototype C of the frequency 
doubling sensor. In the prototype C, the 5.8 GHz patch antenna of the previous prototype 
A is rotated by 90°.  In this case, the polarizations of the two patch antennas in the sensor 
are perpendicular to each other, which can reduce the coupling effect. In addition, a 33 
nH inductor from Panasonic Electronic Components (PCD1864CT) is connected in 
















(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.36. Frequency doubling sensor prototype C. 
 
3.3.3.4 Prototype D with 5.8GHz transmitting wideband antenna rotated by 90° 
 Fig. 3.37 shows design drawing and photo of the prototype D of the frequency 
doubling sensor. In the prototype D, the 5.8 GHz wideband patch antenna in the 
prototype B is rotated by 90°. In this case, the polarizations of the two antennas in the 
sensor are perpendicular to each other, which can reduce the coupling effect. The 5.8 
GHz wideband patch antenna is designed to remove any possible multiple peaks in the 
received power plot.  The 5.8GHz wideband patch antenna is a two-layer design, while 
2.9 GHz and the matching network are single layer design. An inductor of 33 nH is also 



















(a) Design drawing (b) Photo of fabricated sensor 
Fig. 3.37. Frequency doubling sensor prototype D. 
  
 Summary 3.4
This chapter first presents a multi-physics coupled simulation framework for 
antenna sensor modeling. The accuracy and necessity of mechanics-electromagnetics 
coupled simulation is verified by results comparing between mechanics simulation and 
simple scaling. The mechanics-electromagnetics coupled simulation framework is used 
for RFID antenna sensor simulation. The folded patch antenna sensor and slotted patch 
antenna sensor are used as mechanics-electromagnetics coupled simulation examples. 
The coupled simulation of the folded patch antenna sensor demonstrates that the 
resonance frequency of the sensor decreases gradually as applied strain increases. An 
approximately linear relationship is observed between the resonance frequency and 
strain. The simulated strain sensitivity is 802 Hz/με for the folded patch antenna sensor, 
while the normalized strain sensitivity is 0.8928. The average simulation time for each 
frequency point is about 500 seconds. 
The mechanics-electromagnetics coupled simulation is also performed in the 
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on the top copper cladding is first evaluated. The surface current density plots show that 
the current detours along the slots and vias, which fulfill the sensor size reduction by 
current detouring while maintaining the sensor resonance frequency around 900 MHz. 
The simulated normalized strain sensitivity is 0.784 for the passive slotted patch 
antenna sensor, which is slightly lower than the folded patch antenna sensor. The average 
simulation time for each frequency point is about 500 seconds. The active slotted patch 
antenna sensor is similarly simulated in COMSOL. The overall dimension of the active 
patch antenna sensor is the same as the passive slotted patch antenna sensor, but the 
interrogation distance of the active slotted patch antenna sensor is expected to be larger 
due to integration of the active RFID chip. The simulated normalized strain sensitivity of 
the active slotted patch antenna sensor is 0.7672, which is close to the results of passive 
slotted patch antenna sensor.  
The multi-physics simulation of 2.9 GHz5.8 GHz frequency doubling antenna 
sensor is performed by combining functionalities in COMSOL and ADS. The sensor-side 
2.9 GHz receiving patch antenna is first simulated in COMSOL with mechanics-
electromagnetics coupled simulation. The strain-induced antenna port impedance 
variations are then extracted and used as input port impedance of the matching network 
simulation in ADS. The harmonic balance simulation is thus performed in the ADS and 
the output power at the second harmonic of the input frequency is evaluated. The related 
voltages from the output port of the matching network are then used as the input port 
voltage of the sensor-side 5.8 GHz transmitting patch antenna simulation in COMSOL. 
The overall mechanics-AC/DC-electromagnetics coupled simulation shows an 
approximately relationship between resonance frequency shifts of the sensor and applied 
strain on the 2.9 GHz patch antenna. The simulated strain sensitivity of the frequency 
doubling sensor is about five times higher than the RFID antenna sensor, including folded 
patch antenna and passive/active slotted patch antennas. Since the frequency doubling 
sensor is designed to prove the concept, the dimension of the frequency doubling sensor 
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is relatively large comparing with RFID antenna sensor. The dimension of the frequency 
doubling sensor can be further reduced by introducing extra vias like folded patch 
antenna sensor in Section 3.3.1 or slots like slotted patch antenna sensor in Section 3.3.2. 
For further performance improvement, three more frequency doubling antenna sensors 
are designed and the sensor layouts are also presented. 
Although the coupled simulation provides improved simulation accuracy in the 
frequency domain solver compared with simple scaling results, the simulation efficiency 
is limited. During the frequency domain simulation, it is necessary to simulate many 
frequency points in a relatively large frequency span in order to determine the sensor 
resonance frequency point. The overall simulation time is roughly proportional to the 
number of strain steps and number of simulated frequency points. To alleviate the long 
computation time problem, the determination of sensor resonance frequency can be 
formulated as an eigenvalue problem. Instead of simulating the sensor in a large 
frequency span, the resonance frequency of the antenna sensor can be determined by 
solving the eigenvalue problem of the antenna sensor. Since we are only interested in one 
antenna resonance frequency, it is promising to improve simulation efficiency by solving 
eigenvalue problem. The antenna sensor design is formulated as an eigenvalue problem 
in the next chapter. To further improve the simulation efficiency while maintaining 
simulation accuracy from the coupled simulation, several eigenvalue perturbation 
techniques will also be discussed in the next chapter. Instead of solving the eigenvalue 
problem at every simulated strain step, the eigenvalue perturbation methods are adopted 
to update the sensor resonance frequency based on the results from an adjacent strain 
step.  
The performance of the fabricated RFID antenna sensors, as well as the frequency 
doubling antenna sensors, is validated by extensive experiments. The performance 
indexes include strain sensing resolution, range, interrogation distance, emulated crack 
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detection, fatigue crack detection, etc. Relevant experimental results are summarized and 
presented in CHAPTER 5. 
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CHAPTER 4 EIGENVALUE PERTURBATION FOR EFFICIENT 
STRAIN SENSING SIMULATION 
As described in previous chapter, the electromagnetic simulation of antenna 
sensors is typically conducted in frequency domain. The resonance frequency of an 
antenna is determined by sweeping through a large frequency range and identifying the 
minimum point from the reflection coefficient (S11) plots.  At the beginning of a sensor 
design, the frequency domain solver is necessary for checking the antenna radiation 
performance. However, it is time consuming and inefficient when frequency domain 
simulation is needed for many strain levels. This chapter proposes to simulate strain 
sensitivity of an antenna through a perturbed eigenvalue problem. Resonance frequency 
is extracted from the eigenvalue formulation of a finite element model of the antenna. 
Resonance frequencies at different strain steps are identified by soling perturbed 
eigenvalue problems of the deformed finite element models. 
Section 4.1 first presents the finite element formulation for the eigenvalue 
problem. Several eigenvalue perturbation methods are then introduced in Section 4.2 and 
applied to the eigenvalue problem formulated in Section 4.1. Instead of solving a brand 
new eigenvalue problem at each strain step from scratch, the eigenvalues at next strain 
step is calculated based upon eigensolutions from previous strain step. The computed 
eigenvalues can be easily transformed to resonance frequency of antenna sensors through 
their inherent relationship. Section 4.2 explores two eigenvalue perturbation techniques, 
the first-order eigenvalue perturbation method and the inverse Rayleigh quotient iteration 
method followed by discussions of the perturbation flowchart, which elaborates the 
procedure of determining eigenvalues at current strain step based upon eigensolutions 
from previous strain steps by eigenvalue perturbation methods. Section 4.3 shows the 
eigenvalue perturbation results of a 2D dipole antenna and a slotted patch antenna sensor. 
The results are summarized and discussed in Section 4.4.  
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 Finite Element Formulation of the Eigenvalue Problem 4.1
This section proposes finite element formulation of the eigenvalue problem for 
antenna sensor designs. Section 4.1.1 introduces finite element formulation. Section 4.1.2 
provides frequency domain solution of the antenna sensor simulation, while Section 4.1.3 
provides eigenfrequency solution for the same problem. Section 4.1.4 shows a 
comparison between frequency domain and eigenfrequency domain solution of the folded 
patch antenna sensor presented in Section 3.3.1. 
 
4.1.1 Finite Element Formulation 
For simulating the antenna sensor, Fig. 4.1 illustrates the domain involving an 
antenna sensor, an air sphere, and perfectly matched layer (PML). An antenna sensor 
usually includes a metallic surface and a dielectric substrate, which is used to separate the 
metallic surface from monitored structural surface. The metallic surface is usually 
modeled as perfect electric conductor (PEC). The boundary of the metallic surface is 
denoted as SPEC, whose direction is n̂ . The volume of the dielectric substrate is denoted 
as Vd and the substrate relative permittivity and permeability are r  and r , respectively. 
Besides the PEC boundary, the simulation model may also include impedance sheet due 
to material losses. The surface of the impedance sheet is denoted as SK. The whole 
antenna sensor is placed inside an air sphere, whose permittivity and permeability are 0  
and 0 , respectively. Since a resonant antenna model is an open structure that has no 
definite physical boundaries, it is necessary to set termination boundaries so that the 
simulation domain is finite.  The combination of PML and perfect electric conductor 
(PEC) is adopted in the 3D electromagnetic simulation. PML is a very effective 
absorbing medium, which is reflectionless for all incident angles, frequencies, and 
polarization [83]. There are various interpretations of the PML, its extension, and 
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generalization [84-91]. In this research, the PML medium is interpreted as coordinate 





















Fig. 4.1. Inhomogeneous structure enclosed by mesh termination boundaries (PML and 
PEC) 
 
The Maxwell’s equations in an inhomogeneous material have the general vector 
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where E x y zE x E y E z  ˆ ˆ ˆ  is the electric field;  x y zH x H y H z  H ˆ ˆ ˆ  is the magnetic 
field; J is the current vector; μ and β are the permeability and permittivity of the material, 
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 (4.2) 
According to Eq. (4.2), s  is generally a standard curl (  ) operator in Cartesian 
coordinates whose x, y, and z are stretched by a factor of sx, sy, and sz. The three 
stretching factors equal to one within the air and substrate domain. In this case, s  is the 
same as standard   operator and has no stretching behavior. The factors sx, sy, and sz are 
complex number when the considered position is located inside the PML medium. 
According to Ritz method, a functional for the total electric field can be expressed 
through a volume integral after considering boundary conditions of the simulation model 
[30, 94, 95]: 
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) is the air permeability. Due to the existence of PML and 
complex coordinate stretching factors, the angular frequency   (=ω+jα) is a complex 
numbers as well. Here α is the exponential decay rate due to PML. RK is the surface 
impedance on the impedance sheet SK. S0 denotes the surfaces within volume V for which 
the tangential component of electric field E and/or magnetic field H is discontinuous. if  
denotes the sources in the model.  In finite element method, the whole solution domain is 
discretized into a finite number of elements. Each element occupies a separate volume V
e
 
(e = 1, 2, …, NT), where NT is the total number of elements. For each element, different 
3D element types can be assigned, such as four-node tetrahedral element, eight-node 
hexahedral element, etc. The electric field can then be denoted in a vector form in terms 












iN  is the i-th edge based vector basis function of element e; m is the total edge 
number of one element; eiE  is the tangential electric field along the i-th edge of element 
e. Substituting Eq.(4.4) into Eq.(4.3),  integrating over the volume of one element, and 
deriving according to variational principle, the following  equation can be obtained [30]:   
           
T T T TN N N N
2
1 1 1 1
j j fe e e e e e e
e e e e
T E R E C E 
   
                 
(4.5) 
where eC   , 
eR   , and 
eT    are elementary inductance, damping, and capacitance 
matrix, respectively; f e  is the source term due to incident voltage or current excitation at 
the port. The elements of the matrix eC   , 
eR   , and 
eT    are given by 
   











ij s i s j
V
e e e e












     
 











eS  is the boundary of element e; K
eS is the surface of element e on the impedance 
sheet.  
 
4.1.2 Frequency Domain Solution 
If incident wave is introduced to the simulation domain by voltage or current 
excitation at the feeding port as shown in Eq. (4.5), the problem becomes wave 
propagation and scattering. The source term {f }e  in Eq. (4.5) is nonzero and the 
excitation frequency   are given. The electric field can be calculated based on the 
known eC   , 
eR   , and 
eT   , and excitation voltage/current. Based on the electric field 
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H E  (4.7) 
Based on the computed electric and magnetic field distributions, the antenna 




V E dl   (4.8a) 
a
C
I H dl   (4.8b) 
where 1 and 2 are two feeding points of the antenna; C is the cross-sectional contour of 







  (4.9) 
Once the antenna impedance is known according to the field distributions, the reflection 











where Zp is the impedance of the feeding port, which equals to the IC chip impedance in 
the antenna sensor simulation and standard port impedance of 50 Ω set in the frequency 
doubling sensor simulation. Eq. (4.10) is basically another form of Eq. (3.11), which 
gives same physical meaning. 
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4.1.3 Eigenfrequency Solution 
If no excitation is considered, then the source term {f }e  in Eq. (4.5) is ignored. 
The equation can be rewritten as [29]:   
           
T T TN N N
2
1 1 1
j j 0e e e e e e
e e e
T E R E C E 
  
                (4.11) 
The above equation can be further simplified as: 
        2 T E R E C E {0}     (4.12) 
where j  ; [C] is named as inductance matrix; [T] is named as capacitance matrix, 
while [R] is the damping matrix. The final formulation in Eq. (4.12) ends up with a 
quadratic eigenvalue problem [94, 97]. Using N to denote the total number of degrees of 
freedom in Eq. (4.12), [C]  and [R] are N × N complex symmetric matrices, while [T] is 
an N × N symmetric matrix,. Since the entry 
e
ijT  in Eq. (4.6) includes material 
permittivity β, which is a small number on the order of 10
-12
, the magnitudes of 
e
ijT  as 
well as entries in global matrix [T] are small. The entry 
e
ijR  in Eq. (4.6) is also small due 
to small magnitude of 0 . With small-magnitude entries in [R] and [T], the matrices are 
usually ill-conditioned. To improve the condition number of the two matrices, scaling can 
be performed. To this end, Eq. (4.12) is reformulated as: 
      2 T E R E C E 0s s           (4.13) 
where  
   R R ; T T ;s ss s s           (4.14) 
Here s is the scaling factor on the order of 10
18
. Eq. (4.13) also shows that the eigenvalue 
problem is a quadratic eigenvalue problem with complex matrices. Instead of directly 
solving the quadratic eigenvalue problem as in Eq. (4.12), state-space formulation 
equivalently converts Eq. (4.13) into a generalized eigenvalue problem: 
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[A]{ } [B]{ }    (4.15) 
where 
       
 
[C] [0] {E}[R ] [T ]
[A] , [B] ,
0 I {E}I 0
s s     
       
     
 (4.16) 
[I] is an N×N identity matrix and [0] is an N×N zero matrix. The identity matrix [I] can 
also be replaced by any other nonsingular matrix. For example, if matrix [T
s
] is 
nonsingular and replaces the identity matrices in Eq. (4.16), then both [A] and [B] can be 
formulated to be symmetric: 
   
 
[C] [0] [R ] [T ] {E}
[A] , [B] ,
0 T {E}T 0
s s
s s 
     
       
             
 (4.17) 
The choice of the nonsingular matrix in [A] and [B] is determined by the properties of 
matrix [C], [R], and [T].  
The eigenvalue λ  is closely related with resonance frequency of the antenna 
sensor fR according to the following equation: 
Rj2j j =




   (4.18) 
As described in Section 2.1, the resonance frequency fR is a key parameter [10] 
determining the strain effects of the antenna sensor. Associated with every eigenvalue λ
is eigenvector {E} , representing for the electric field distribution of the antenna sensor 
simulation at each eigenmode. The plot of {E}  field is an intuitive way to check the 
correctness of the antenna mode. Furthermore, the quality factor (Q) of the antenna 






Since the solution domain includes not only the antenna sensor structure, but also air 
sphere and PML, the calculated eigenmodes can be antenna mode and spurious mode, 
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which is due to the existence of PEC and PML boundary conditions [30]. If the calculated 
eigenmode is an antenna mode, a large Q is expected. Otherwise, Q is smaller due to 
large decay rate α caused by the boundary conditions. Therefore, Q is another indicator to 
distinguish antenna mode and spurious mode. 
 
4.1.4 Comparison between Frequency Domain and Eigenfrequency Solutions 
 To validate the relationship between frequency domain results S11 and 
eigenfrequency results, the eigenfrequency solver in COMSOL is adopted to simulate the 
folded patch antenna sensor. The mechanical simulation of the antenna sensor structure is 
performed following the coupled simulation procedures described in Section 3.1. The 
deformed meshes are then transformed to the eigenfrequency domain solver for 
eigenfrequency calculation. The eigenfrequency solver is set to search eigenfrequencies 
close to 900 MHz, instead of solving all eigenfrequencies of the antenna sensor. After the 
computation, the related eigenfrequencies are plotted against applied strain in Fig. 4.2. 
The calculated resonance frequency of the folded patch antenna sensor from 
eigenfrequency solver is 911.58 MHz, which is 911.7 MHz from the frequency domain 
solver. The normalized strain sensitivity is 0.9012 ppm/με, which means 1 με strain 
experienced by the folded patch antenna introduces 0.9012 ppm decrease in resonance 
frequency. The normalized strain sensitivity is close to the simulation results from 
frequency domain solver in Section 3.3.1. The closely matched results between frequency 
domain solver and eigenfrequency solver validate the feasibility to compute sensor 
resonance frequency fR according to eigenvalue problem formulation presented in Eq. 
(4.15). With same simulation model, the average computation time for one 
eigenfrequency is about 316 seconds. The total computation time is roughly proportional 
to number of strain steps and number of eigenfrequencies calculated. In this study with 
five strain steps and one eigenfrequency calculated, the total computing time is 4,827 
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seconds, which give much better simulation efficiency compared with the frequency 
domain solver. As presented in Section 3.3.1, the frequency domain solver consumes 
455,216 seconds. However, the computation in the eigenfrequency solver requires about 
12 GB memory, which means more hardware resources are required for eigenfrequency 
solver.  
 
Fig. 4.2. Normalized resonance frequency change ∆fN versus strain ε of folded patch 
antenna sensor simulated from eigenfrequency solver (fR0 = 911.58 MHz) 
 
 Eigenvalue Perturbation Approaches for Strain Sensing Simulation 4.2
 In a mechanics-electromagnetics coupled simulation, the matrices are updated at 
each strain level, which entails large amount of meshing and computation efforts. 
Furthermore, matrices [C] , [R] , and [T]  usually have large dimensions, which greatly 
increase difficulty in eigenvalue computation. In order to further improve simulation 
efficiency, it is proposed to investigate eigenvalue perturbation approaches for efficiently 
solving Eq. (4.12) at gradually varying strain levels. Specifically, the proposed concept is 
to use the eigenvalues and eigenvectors in a previous strain level as the initial solution of 
current strain level. In other words, instead of starting from scratch, eigenvalue 
computation for next strain step can use results of the previous as an initial starting point, 
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by viewing strain effect as perturbations to the system matrices. This section first 
describes two eigenvalue perturbation approaches, namely the first-order eigenvalue 
perturbation method and the inverse Rayleigh quotient iteration method. The flowchart 
describing the whole perturbation process for determining resonance frequency of 
antenna sensors at all strain levels is then provided.  
 
4.2.1 Review to Eigenvalue Perturbation Techniques 
Eigenvalue computation is a rather active field due to its broad application to 
many engineering problems [43, 98]. As shown in Eq. (4.15), the multi-physics 
simulation problem in this research requires solving a generalized eigenvalue problem 
that involves three system matrices. Iteration methods, such as successive over-relaxation 
(SOR) method [99] and the conjugate gradient method [100], can be applied to search the 
eigenvalues. For large sparse and symmetric matrices [A] and [B], Lanczos method  can 
transform the problem into the eigenvalue problem of a tri-diagonal matrix, for which 
efficient algorithms exist [43, 101]. A well-known method for large sparse non-
symmetric eigenvalue problems is the implicitly restarted Arnoldi method [102], which 
has been implemented in the ARPACK software [103]. The ARPACK solver can be 
further integrated with  other linear solver packages for solving sparse matrix systems, 
such as MUMPS (multifrontal parallel distributed symmetric and unsymmetric solver) 
[104-106], SPOOLES (sparse object oriented linear equations solver) [107], PARDISO 
[108-110], UMFPACK (unsymmetric multifrontal sparse LU factorization package) 
[111], etc. An extensive comparison between these solvers can be found in [112-114].  
In the strain sensing simulation, since changes of system matrices [A] and [B] 
between neighboring strain levels are expected to be small, eigenvalue perturbation is a 
potentially effective approaching for solving the problem [115]. Instead of solving the 
entire eigenvalue problem from scratch, the eigenvalues and eigenvectors for current 
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strain level can be updated according to results from previous strain level. The approach 
can save computation time and effort by utilizing previous results. Among eigenvalue 
perturbation techniques, first order perturbation theory has been adopted for different 
regular matrix pairs [115], which provides enough accuracy in most engineering 
applications when perturbation is small. The first-order eigenvalue perturbation method 
has been applied for structural damage detection [116, 117] and structural dynamic 
modification [118]. Other techniques based upon first-order eigenvalue perturbation 
(FOP) method are also proposed and detailed comparisons can be found in [42, 119, 
120]. When perturbation is large, Rayleigh quotient iteration (RQI) [121, 122] or 
homotopy method [44] can be implemented to further improve the calculation accuracy, 
while avoiding calculation of higher order perturbation items. In this research, both first-
order eigenvalue perturbation method and inverse Rayleigh quotient iteration method will 
be investigated. 
 
4.2.2 First-order Eigenvalue Perturbation (FOP) Method 
Denote coefficient matrices at previous strain level εj as [Aj] and [Bj], and [Aj+1] 
and [Bj+1] as coefficient matrices at current strain εj+1. These matrices can be non-
symmetric and complex, according to the formulations in Eq. (4.16). Relationship 
between coefficient matrices at two strain levels can be described as: 
1[A ] [A ] [ A ]j j j     (4.20a) 
1[B ] [B ] [ B ]j j j     (4.20b) 
where [ΔAj] and [ΔBj] are (small) difference matrices between two adjacent strain steps εj 
and εj+1. The eigenvalue problems of the original and perturbed systems are: 
[A ][ ] [B ][ ][ ]j j j j j     (4.21a) 
T T[A ] [ ] [B ] [ ][ ]j j j j j     (4.21b) 
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1 1 1 1 1[A ][ ] [B ][ ][ ]j j j j j         (4.21c) 
T T
1 1 1 1 1[A ] [ ] [B ] [ ][ ]j j j j j         (4.21d) 
where columns of [ ]j  and [ ]j  are right and left eigenvectors of the system matrices at 
previous strain level, and [ ]j  is a diagonal matrix whose diagonal entries are the 
eigenvalues. 
1[ ]j , 1[ ]j , and 1[ ]j  contain right, left eigenvectors, and eigenvalues 
of the perturbed system. Due to orthogonality of eigenvectors, only M (<<N) modes are 
used in the perturbation process. The value of M will be determined in the specific 
examples. The dimensions of [ ]j , [ ]j , 1[ ]j , and 1[ ]j  are 2N×M, while 
dimensions of [ ]j  and 1[ ]j  are M×M. 
According to the first-order eigenvalue perturbation theory, a perturbed 
eigenvalue and eigenvector pair at strain εj+1 can be formulated based on previous results 
[123]: 
1[ ] [ ] ([P])j j diag      (4.22a) 
 1[ ] [ ] [I] [U]j j     (4.22b) 
 1[ ] [ ] [I] [V]j j     (4.22c) 
where [I] is an M×M identity matrix; diag denotes extraction of diagonal terms of matrix 
[P];  [U]  and [V] , which have dimensions of M×M, are the first-order perturbation terms 
for right and left eigenvectors [ ]j  and [ ]j ; the (m, n) entry of matrices [U]  and [V]  
is calculated as: 
1












 T[P] [ ] [ A ][ ] [ B ][ ][ ]j j j j j j          (4.23c) 
 T[R] [ ] [ A ] [ ] [ B ] [ ][ ]T Tj j j j j j          (4.23d) 
 where [P] and [R] both have dimensions of M×M. Without any further electromagnetic 
field computation, the eigenfrequency fR and electric field distribution 1{E }
i
j  (i.e. first 
half of eigenvector 1{ }
i
j ) at strain level εj+1 can be easily updated according to Eq. 
(4.18),  (4.22), and (4.23).  
 On the other hand, if symmetric [A] and [B] formulations in Eq. (4.17) are 
adopted, the FOP method in Eq. (4.22), and (4.23) can be simplified. The left 
eigenvectors [ ]  equal to right eigenvectors [ ] , so only matrices [U]  in Eq. (4.23a) 
and [P] in Eq. (4.23c) need to be updated at each strain step. 
If the perturbation is small, the FOP method can usually give accurate results. 
However, the FOP may give inaccurate results when the perturbation is relatively large. 
Under large perturbation step, the RQI can be an option. 
 
4.2.3 Inverse Rayleigh Quotient Iteration (RQI) Method 
The basic inverse RQI is shown in Fig. 4.3 [124, 125]: 
 
 
Fig. 4.3. Basic inverse RQI routine  
 
for   k = 1, 2, … 
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where k is iteration number. The iteration gives smallest eigenvalue of the generalized 
eigenvalue problem in Eq. (4.15). To find the interested eigenfrequency for an antenna 
resonance mode, it is necessary to modify the shifted version of inverse RQI. As 
described in Eq. (4.16) and (4.17), there are symmetric and non-symmetric formulations 
of [A] and [B]. If both matrices are symmetric as in (4.17), the inverse RQI can be 
formulated accordingly. Denote j  and 1j   as the shifted eigenvalues at strain εj and 
εj+1; { }j  and 1{ }j  as the right eigenvectors at strain εj and εj+1; 1[A ]j  as the matrix 
[A] at strain εj+1; 1[B ]j  as the matrix [B] at strain εj+1. The inverse RQI with shifted 
eigenvalue routine is shown in Fig. 4.4 [121]:  
 
 
Fig. 4.4. Inverse RQI routine for symmetric [A] and [B] formulations 
 
On the other hand, if non-symmetric formulations of [A] and [B] in Eq. (4.17) are 
adopted, the inverse RQI routine can be modified accordingly. Under this circumstance, 
both left and right eigenvectors need to be computed for iteration. Denote { }j  and 
; { } { };j jμ λ q    
do {    
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1{ }j  as the right eigenvectors at strain εj and εj+1. The Rayleigh quotient iteration for 
non-symmetric generalized eigenvalue problem is formulated as below [122, 126]:  
 
 
Fig. 4.5. Inverse RQI routine for non-symmetric [A] and [B] formulations 
 
While the inverse RQI method can be more robust, it requires solving linear 
equations and more iteration steps, and thus more computation time compared with FOP 
method. Both methods will be studied for simulating antenna sensor behavior under 
strain. Their perturbation efficiency and accuracy will be compared. 
 
; { } { }; { } { };j j jμ λ q p      
do {    
 solve   1 1 1[A ] [B ] [B ]{ }j j jx q     for  x ; 
 solve    
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4.2.4 COMSOL-MATLAB Flowchart for Eigenvalue Perturbation 
The antenna sensor models can be easily built in COMSOL through user friendly 
GUI interface, but it is not convenient to implement customized eigenvalue or linear 
solvers into COMSOL GUI interface. Instead, COMSOL Livelink for MATLAB allows 
to be opened in MATLAB, so that the customized solvers can be applied to COMSOL-
generalized matrices in electromagnetic domain. 
Fig. 4.6 shows the COMSOL-MATLAB communication process using eigenvalue 
perturbation techniques for updating sensor resonance frequencies at multiple strain 
levels. The simulation model is first built in COMSOL GUI interface with proper 
mechanical and electromagnetic boundary conditions. Matrices [C0], [R0], and [T0] in Eq. 
(4.12) are formulated in COMSOL and transferred to MATLAB. These matrices are then 
used to construct [A0] and [B0] according to Eq. (4.16) or (4.17). The eigenvalue λ0 and 
eigenvector 0{ }  are calculated through eigenvalue solver at zero strain level ε0.  
 
COMSOL
      Model the entire sensor together with base 
      structure at zero strain;
      Formulate matrices [C0], [R0] and [T0] (Eq. (4.12)) 
      based on boundary conditions; 
      for j = 1, 2, …, J      
          Apply strain level εj to the base structure and 
          formulate matrices [Cj], [Rj]  and [Tj] based  
          on boundary conditions;
      end
MATLAB
       Formulate [A0] and [B0] (Eq. (4.16) or (4.17));   
       Calculate [λ0] and {Φ0} at  zero strain level   
       (Eq. (4.15))
      Based on λj-1 and {Φj-1}Apply eigenvalue 
      perturbation algorithm to calculate λj and 








Fig. 4.6. COMSOL-MATLAB communication 
 
After the simulation at zero strain level, the antenna structure subjects to loading 
that generates matrices for next strain level εj. The corresponding system matrices [Aj] 
and [Bj] again constructed. Eigenvalue perturbation methods can then be applied to 
calculate the eigenvalue λj and eigenvector { }j  at strain εj in MATLAB. The updated 
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eigenvalues λj and eigenvectors { }j  are taken as the basis for next perturbation at strain 
εj+1. The updating process continues for all required strain levels. In the end, the 
relationship between resonance frequency and applied strain is plotted in MATLAB. 
 
 Validation Examples 4.3
To validate the accuracy and efficiency of the proposed eigenvalue perturbation 
techniques, two examples are investigated. Section 4.3.1 presents a 2D dipole antenna 
example. Both first-order eigenvalue perturbation and inverse Rayleigh quotient iteration 
methods are studied and compared in terms of perturbation accuracy and efficiency. 
Section 4.3.2 presents perturbation results of a 3D model of the slotted patch RFID 
antenna sensor (Section 3.3.2). 
 
4.3.1 2D Dipole Antenna 
In this example, Section 4.3.1.1 first describes the 2D dipole antenna model. 
Section 4.3.1.2 presents simulation results from frequency domain and eigenfrequency 
solvers in COMSOL. Section 4.3.1.3 shows the perturbation result comparison between 
four solution methods, including two eigs solution methods with different starting 
vectors, FOP, and RQI. 
4.3.1.1 Model description 
A smaller 2D axi-symmetric dipole example is first analyzed to validate the 
eigenvalue perturbation algorithms. Fig. 4.7 shows the 0.15 m-long dipole antenna model 
and boundary setup built in COMSOL. The width of the dipole antenna is 0.0025 m. The 
material used for dipole antenna is copper, while the surrounding environment is air. The 
total triangular element, which models both air and copper dipole antenna, is 12,125. The 
degrees of freedom (DOFs) in the mechanical and electromagnetic simulations are 12,396 
 87 
and 24,520, respectively. On the boundary of the symmetric axis, the magnetic field is 
zero, which means it can be treated as homogeneous Dirichlet boundary condition. Since 
the dipole antenna model is an open structure, which has no specific physical boundary, 
to limit the simulation domain to be finite, an absorbing boundary condition (ABC) is 
adopted at the outside surface of the bounding circle. The dipole antenna surface is 
perfect electric conductor (PEC), which means the tangential electric field is zero. At the 
dipole antenna feed port, since the input voltage or current is known, the feed line edge is 
also a homogeneous Dirichlet boundary.  
 
  
(a) Simulation model (b) Meshing 
Fig. 4.7. 2D dipole antenna model and boundary condition setup 
 
4.3.1.2 Result comparison between frequency domain and eigenfrequency domain solver 
The dipole antenna model is analyzed in frequency domain and eigenfrequency 





2 Duo processor and 8 GB RAM memory. The half-















m), which has a resonance frequency of 1 GHz in ideal case. The eigenfrequency solver 
is set to search two eigenfrequencies around 900 MHz. Fig. 4.8 and Fig. 4.9 present the 
electric and magnetic field distributions of the dipole antenna at its first eigenfrequency 
830.325 MHz and second eigenfrequency 1.708 GHz, respectively. The field distribution 
patterns in both figures match with theoretical results, which verify the model [127]. The 
total simulation time for the eigenvalue solver is about 9 seconds when two 
eigenfrequencies are calculated. 
 
  
(a) Hϕ plot (b) Normalized E plot 
Fig. 4.8. Electric and magnetic field distribution at first antenna mode 830.325 MHz 
 
  
(a) Hϕ plot (b) Normalized E plot 





The dipole antenna model is also simulated in the frequency domain when 
constant current is applied to the port. The simulated frequency ranges from 600 MHz to 
2 GHz with a frequency step of 1 MHz. Fig. 4.10 shows S11 results from the frequency 
domain solver. There is one peak around 890 MHz, which is close to the first 
eigenfrequency shown in Fig. 4.8. The total simulation time for the 1,401 frequency 
points is about 1,433 seconds. In order to locate resonance frequency from the S11 plot, it 
is necessary to simulate a large frequency range to determine the minimum point of the 
curve. Therefore, for strain sensitivity simulation, the frequency domain approach usually 
requires longer simulation time compared with the eigenfrequency solver. 
 
 
Fig. 4.10. S11 results of the dipole antenna from the frequency domain solver 
 
4.3.1.3 Perturbation results 
 After the dipole antenna modeling in the eigenfrequency solver and frequency 
domain solver, the mechanical deformation is applied to the antenna in order to check the 
frequency response of the antenna with strain effect. In the mechanical simulation, only 
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the dipole antenna is involved, while the air sphere is excluded. Uniformly distributed 
prescribed displacements are applied at two ends of the dipole antenna, while the other 
ends close to the center feed line are fixed. The displacement is adjusted so that required 
strain levels are generated in the copper dipole antenna. After the mechanical simulation 
at each strain level, the deformed meshing is directly used for electromagnetic simulation 
to determine the resonance frequency of the dipole antenna under strain. Multiple strain 
steps are simulated and the eigenfrequency solver is used to calculate the antenna 
resonance frequency at each strain level.  
First, 21 strain levels are simulated, ranging 0~2,000 με with a strain step of 100 
με. The eigenvalues at each strain level are first calculated by eigs function in 
MATLAB, which adopts ARPACK Fortran library [128]. To check the effect of different 
starting vectors to the computation error and time, a randomly generated vector and an 
eigenvector from previous strain level are adopted as the starting vector for comparison. 
To improve the computation time, the symmetric [A] and [B] formulations in Eq. (4.17) 
are adopted. The eigenvalue perturbation methods, first-order eigenvalue perturbation 
(FOP) method and inverse Rayleigh quotient iteration (RQI) method, are applied to 
compare with two eigs solvers used in MATLAB. The error tolerance for RQI is set to 
10
-10
.  The computed resonance frequency results from the four solvers are compared and 
summarized in Fig. 4.11. The legend “eigs-rand” denotes the results from eigs solver 
with randomly generated vector as starting vector. The legend “eigs-prev” indicates 
results from eigs solver with previous eigenvector as starting vector. The legend “FOP” 
and “RQI” refer to first-order eigenvalue perturbation method and inverse Rayleigh 
quotient iteration method, respectively. In this example, the resonance frequencies from 
eigs, FOP, and RQI show good match (Fig. 4.11(a)) at all strain steps.  
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(a) Resonance frequency comparison (b) Errors 
 
(c) Computing time 
Fig. 4.11. Eigenfrequency result comparison between eigs solver, FOP, and RQI 
solvers (100 με) 
 
To further quantify the solution accuracy, following error index is defined: 
1A { } B { }
error
A B






































































































where j  and { }j  are the computed eigenvalue and right eigenvector at j-th strain step. 
As shown in Fig. 4.11(b), the perturbation error from RQI is in the order of 10
-16
, while 
the errors from the eigs solver with random vector and previous eigenvector as starting 




, respectively. The computation error comparison indicates 
that eigs solver with previous eigenvector as starting vector has best accuracy. Fig. 
4.11(b) also shows that the FOP computation error increases as perturbed strain step 
increases. Nevertheless, the error at final perturbation strain step 2,000 με is on the order 
of 10
-11
, which is still acceptable for this example.  
The computation time comparison is summarized in Fig. 4.11(c). The 
computation time of FOP is around 0.05 second, which is about 60 times lower than the 
two eigs solvers in this example. The computation time of RQI is also about 3 times 
lower than the eigs solver. In this example, the two eigs solvers with different starting 
vectors have similar computation efficiencies.  
 To check the strain step size effect to the accuracies of the eigenvalue solvers, a 
1,000 με step is later used instead of previous 100 με step. The resonance frequency 
comparisons are shown in Fig. 4.12. Fig. 4.12(a) shows while the perturbed resonance 
frequencies from RQI are still close to eigs results, much larger resonance frequency 
difference is observed between FOP and other three solvers. Fig. 4.12(b) shows again that 
the FOP approach has largest solution error. At the last strain step 20,000 με, the 
computation error from FOP is about 3×10
-10
, while the error from RQI is around 2×10
-14
 
and the error from two eigs solver with random starting vector and previous 




, respectively. The results in Fig. 
4.11 and Fig. 4.12 indicate that with same total number of perturbation steps, smaller 
perturbation size can improve the perturbation accuracy for the two perturbation methods 
(FOP and RQI). On the other hand, the perturbation step size does not affect the 




(a) Resonance frequency comparison (b) Errors 
 
(c) Computation time 
Fig. 4.12. Eigenfrequency results comparison between eigs solvers, FOP, and RQI 
solver (1,000 με) 
 
4.3.2 Slotted Patch Antenna Sensor 
 In this 3D slotted patch antenna sensor example, Section 4.3.2.1 presents results 
from eigenfrequency solver of COMSOL and comparison with results from frequency 


































































































domain solver presented in Section 3.3.2. Section 4.3.2.2 shows the perturbation results 
from four solution methods. 
4.3.2.1 Results from eigenfrequency domain solver in COMSOL 
 As a more complicated example, the passive slotted patch antenna sensor 
presented in Section 3.3.2 is studied. The sensor is first simulated in the COMSOL 
eigenfrequency solver to determine the resonance frequency change under strain. To have 
an faster comparison with perturbation techniques, the simulation model is tuned to use 
coarse meshing. While all other settings are kept the same as in Section 3.3.2, the number 
of DOFs in displacement field is tuned from 53,127 to 9,588, and number of DOFs in 
electric field is tuned from 477,429 to 65,527. The eigenfrequency solver is set to search 
several eigenfrequencies close to 900 MHz, the expected resonance frequency of the 
antenna.  
 The eigenfrequency result is plotted against strain in Fig. 4.13. The initial 
eigenfrequency of the sensor at zero strain is 909.5 MHz, which is almost the same as the 
results calculated from COMSOL frequency domain solver (in Section 3.3.2). The 
normalized strain sensitivity is 0.7573 ppm/με, which means that 1 με strain 
experienced by the sensor introduces 0.7573 ppm decrease in resonance frequency. The 
normalized strain sensitivity is also very close to the simulation result from frequency 
domain solver. The coefficient of determination of one indicates a good linearity between 
normalized frequency change and simulated strain. The closely matched results between 
frequency domain solver and eigenfrequency solver validate the feasibility to compute 
strain sensitivity using the more efficient eigenvalue approach (Eq. (4.15)). With 
simulation model, the average computation time for one eigenfrequency is about 110 
seconds using COMSOL eigenfrequency solver. In this study with five strain steps and 
one eigenfrequency calculated, the total computing time is about 1,021 seconds, which is 
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much more computationally efficient compared with the frequency domain approach in 
Section 3.3.2.  
 
  
(a) Resonance frequency change versus 
strain ε 
(b) Normalized resonance frequency 
change ∆fN versus strain ε 
Fig. 4.13. Simulation results of slotted patch antenna sensor from eigenfrequency solver 
 
4.3.2.2 Perturbation results 
To further improve the simulation efficiency, the eigenvalue perturbation methods 
are applied using the COMSOL-MATLAB interface (Fig. 4.6). The simulated strain step 
is 100 με. In this example, symmetric formulations of [A] and [B] in Eq. (4.17) are 
adopted. Like previous 2D dipole example, the eigenvalues at each strain level are first 
calculated by eigs function in MATLAB with two different types of starting vectors, i.e. 
a randomly generated vector and the eigenvector from previous strain step. Then the two 
perturbation method, first-order eigenvalue perturbation (FOP) and inverse Rayleigh 
quotient iteration (RQI), are adopted to solve the eigenfrequencies at all strain steps.   
The resonance frequency comparisons between the four solution methods are 
shown in Fig. 4.14. Fig. 4.14(a) shows as the perturbation step increases, the resonance 
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frequency difference between FOP and all other three methods increases gradually. Fig. 
4.14(b) shows the computation error increases significantly with strain steps for FOP, 
which confirms that FOP has large accumulated error. The RQI computation error is 
much smaller than the FOP. The computation error from RQI at 2,000 με is about 2×10
-
14
. The two eigs methods errors are in the order of 10
-20
, which is much smaller than 
FOP or RQI. Nevertheless, Fig. 4.14(a) demonstrates that the RQI method provides 
adequate accuracy for identifying strain sensitivity.  
 
  
(a) Resonance frequency comparison (b) Errors 
 
(c) Computation time 
Fig. 4.14. Eigenfrequency results comparison between eigs solvers, FOP, and RQI 
solvers (100 με) 































































































Fig. 4.12(c) shows the computation time comparison. The average computation 
time for the eigs solver is around 105 seconds, the RQI computation time is about 86 
seconds, and FOP only takes about 0.3 second for each perturbation step. Since it takes 
more than 110 seconds per step for COMSOL eigenfrequency solver, all four solution 
methods being studied (eigs with a random starting vector, eigs with previous 
eigenvector as starting vector, FOP, and RQI) are faster than the COMSOL solver. 
Overall, it can be concluded that among methods that provide acceptable accuracy, the 
RQI method consumes the least time, and thus, is the most efficient in this example. 
 
 Summary 4.4
This chapter first presents electromagnetic finite element formulation of antenna 
sensors using both frequency domain solver and eigenfrequency solver. A folded patch 
antenna sensor simulation is performed using both solvers in COMSOL, and the 
calculated resonance frequency results are compared. The comparison shows that both 
solvers give similar strain sensitivity results. While the frequency domain solver requires 
smaller memory, it suffers longer computation time. On the other hand, the 
eigenfrequency solver provides faster computation speed, while the required hardware 
memory is larger.  
To further reduce the computing time for solving the eigenvalue problem, 
especially when multiple strain steps are involved, two eigenvalue perturbation methods 
are studied. Instead of solving the entire eigenvalue problem from scratch, the 
eigenvalues and eigenvectors for current strain level can be updated according to results 
from previous strain level. The first-order eigenvalue perturbation method and the inverse 
Rayleigh quotient iteration method are introduced and applied to a 2D dipole antenna and 
the 3D slotted patch antenna sensor as illustration examples. The perturbation accuracy 
and efficiency are compared with MATLAB eigs command.  
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The 2D dipole antenna example shows that both FOP and RQI give acceptable 
computation accuracy when perturbation strain step is 100 με. The two eigs approaches, 
with different starting vectors, give best accuracy, but consume relatively more time. 
Two perturbation step sizes are studied in this example. The cumulative FOP 
computation error increases more significantly when perturbation strain step is 1,000 με. 
On the other hand, RQI still provides consistent computation accuracy.  
The more complicated 3D slotted patch antenna sensor is then studied to validate 
the proposed perturbation techniques. The strain perturbation step is set to 100 με in this 
example. The FOP approach again shows significant cumulative computation error. 
Overall, it can be concluded that among methods that provide acceptable accuracy, the 
RQI method consumes the least time, and thus, is the most efficient in this example. With 
more efficient numerical solutions to strain sensitivity, efficiency of the antenna sensor 




CHAPTER 5 ANTENNA SENSOR DESIGNS AND EXPERIMENTAL 
RESULTS 
After the proper sensor designs presented in previous several chapters, extensive 
experiments are conducted to evaluate sensor performances. The experiments validate 
key sensing parameters including strain sensing resolution, range, interrogation distance, 
consistency, sensor array, temperature stability. The sensors are also tested for emulated 
crack sensing and fatigue crack sensing. Section 5.1 presents experimental results of 
folded patch antenna sensor. Section 5.2 shows the results of a passive slotted patch 
antenna sensor. The results of an active slotted patch antenna sensor are presented in 
Section 5.3. To reduce sensor fabrication cost, a printed silver-nanoparticle antenna 
sensor is designed based on the folded patch antenna pattern. Section 5.4 presents strain 
sensing results of the silver-nanoparticle antenna sensor. Antenna sensors in the first four 
sections are RFID antenna sensors that operate at 900 MHz frequency range. Finally, the 
sensing results of four frequency doubling (2.9 GHz   5.8 GHz) antenna sensors are 
presented in Section 5.5. 
 Folded Patch Antenna Sensor 5.1
The design drawing and photo of the folded patch antenna sensor is shown in Fig. 
5.1. It includes three components: top copper cladding of the antenna pattern, bottom 
ground copper cladding, and substrate, which used to separate top copper cladding from 
bottom ground plane. An RFID chip is also integrated in the top copper antenna pattern 
for signal modulation. The sensor dimension is 61 mm × 69 mm × 0.79 mm.  
The simulation results of the folded patch antenna sensor are presented in Section 
3.3.1. This section presents experimental testing results of the folded patch antenna 
sensor. Section 5.1.1 shows the strain sensing resolution results. Section 5.1.2 presents 
the test on strain measurement range, i.e. the largest strain that can be measured by the 
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sensor. Measurement consistency at different interrogation distances is presented in 
Section 5.1.3. Section 5.1.4 presents the distributed strain sensing results through a sensor 
array. Section 5.1.5 explores temperature effect to strain sensing results. The emulated 
crack and fatigue crack sensing results are presented in Section 5.1.6 and 5.1.7, 
respectively. Finally, the substrate thickness effect to the sensor performance is evaluated 




(a) Design drawing (b) Photo of the sensor 
Fig. 5.1. Design drawing and photo of the folded patch antenna sensor 
 
5.1.1 Strain Sensing Resolution Test 
 In order to investigate the strain sensing resolution of the prototype antenna 
sensor, tensile tests are conducted with small strain increment per loading step [56, 129]. 
Fig. 5.2(a) shows the center area of the tensile testing specimen, with the antenna sensor 
and seven (reference) metal foil strain gages measuring axial strain on the aluminum 
specimen.  The antenna sensor is simply bonded to the specimen by superglue. Fig. 5.2(b) 
shows the tensile testing setup with a 22-kip SATEC machine.  A Tagformance Lite 
reader from Voyantic Ltd. is adopted for interrogation power threshold measurement. 













that is just enough to activate the RFID chip for signal modulation. When the 
interrogation frequency f by the reader equals the resonance frequency of the antenna 
sensor, the best impedance matching is achieved between the sensor-side antenna and the 
IC chip.  In this scenario, the least amount of power needs to be transmitted by the reader 
for activating the IC chip. This means the interrogation power threshold plot P(f) 




(a) Photo of the sensor instrumentation 
for wireless sensing experiments 
(b) Photo of the experimental setup 
Fig. 5.2. Experimental setup for the tensile tests 
 
 As shown in Fig. 5.2(b), the panel reader antenna is mounted on a tripod facing 
the antenna sensor. The distance between the reader antenna and the antenna sensor is set 
as 12 in. A National Instruments strain gage module (NI 9235), with a CompactDAQ 
Chassis (NI cDAQ-9172), is used for collecting data from metal foil strain gages. 
 The axial force applied by the tensile test machine is configured so that 














with zero strain, and ends at around 200 µε. The interrogation power threshold in dBm 
(dB-milliwatt) scale is measured by the Tagformance reader at each loading step. To 
reduce the environmental noise effect, five measurements are taken at each strain level 
and the average interrogation power, ( )P f , is calculated. Although a total of ten strain 
levels are tested, for clarity Fig. 5.3(a) plots the average interrogation power threshold at 
only 11 µε, 101 µε, and 193 µε. The strain levels in Fig. 5.3 are the average value among 
the seven metal foil strain gages. The interrogation power threshold reaches its minimum 
value at resonance frequency of the antenna sensor. Fig. 5.3(a) also shows a clear 
resonance frequency decrease during strain increase. Since the valley area of the 
interrogation power threshold plot is relatively flat, a 4
th
 order polynomial curve fitting is 
performed to the valley area of each plot.  The fitted 4
th
 order polynomial is used for 
identifying the resonance frequency that corresponds to the minimum power. 
 
  
(a) Average interrogation power 
threshold 
(b) Normalized resonance frequency change 
∆fN versus strain ε ( fR0=921.472 MHz) 
Fig. 5.3. Results for strain sensing resolution at 12 in. interrogation distance 
 





































































2 = 0.9906 
STD = 4.10
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 Quality factor of the antenna affects the accuracy in wirelessly identified antenna 
resonance frequency.  A larger quality factor corresponds to a longer wireless 
interrogation range, and an increased sharpness of the resonance peak in the interrogation 










where QT is the total quality factor of the antenna sensor.  The sharpness of the resonance 
peak in the interrogation power curve is measured by the 3dB bandwidth around the 
resonance frequency, 3dBf .   According to Eq. (5.1), the quality factor of the antenna is 
calculated as 185.3, which indicates a relatively sharp peak in the interrogation power 
threshold curve. 
 According to Eq. (2.13), the normalized frequency change at each strain level is 
calculated. Fig. 5.3(b) confirms an approximately linear relationship between the 
normalized frequency change and strain. Slope of the curve indicates the normalized 
strain sensitivity, i.e. ΔfN = 0.7404 ppm/µε. This means that 1  strain increase causes 
the resonance frequency of the antenna sensor to reduce by 0.7404 ppm. Compared with 
simulation results in Fig. 3.18(b), the experimental ΔfN is slightly lower. This is primarily 
due to strain transfer effect, i.e. only about 90% of the strain on aluminum surface is 
transferred to top copper layer of the sensor through the 0.79 mm thick substrate material 
Rogers 5880. The coefficient of determination, R
2
, is 0.9906, which indicates acceptable 
linearity between strain and normalized resonance frequency change. In order to further 
















  (5.2) 
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where i  is the difference between measured strain and strain estimated using the linear 
relationship at the i
th
 strain level; N is the total number of strain levels. Data shown in 
Fig. 5.3(b) has a standard deviation of 4.1 µε. Although the standard deviation may not 
be sufficient when high accuracy strain measurement is needed, the results can be 
acceptable for many applications, particularly when only qualitative evaluation of stress 
concentration is needed.   
 
5.1.2 Strain Sensing Range Test 
 Besides strain sensing resolution, maximum strain measurement range is another 
important performance to be quantified [56, 129]. Similar tensile testing is conducted 
with a 55-kip MTS-810 machine.  To investigate antenna sensor performance at different 
strain levels, two loading stages are adopted. From 0 to 1,000 με, each loading step is 
configured to increase the strain level by about 100 με. From 1,000 με to 10,000 με, each 
loading step generates a strain increment of about 1,000 με. In total, twenty-six strain 
levels are tested. Other experimental setups and data processing remain the same as 
before. 
 Fig. 5.4(a) shows the average interrogation power threshold plot measured at 
different strain levels. For clarity, only five example strain levels are shown in the figure. 
Decrease in resonance frequency is observed when strain increases. From power 
threshold plots, resonance frequency is determined for each strain level. The normalized 
resonance frequency change ∆fN is plotted for all twenty-six strain levels in Fig. 5.4(b). 
Linear regression is performed separately to three segments of the plot. For segment ① 
with data points from 0 to 1,000 µε, the normalized strain sensitivity is 0.7542 ppm/µε, 
and the coefficient of determination is 0.9974. For segment ② with data points from 
1,000 to 4,500 µε, the normalized strain sensitivity is 0.7784 ppm/µε, which is very 
close to the result in segment ①. The slight difference can be explained by Eq.(2.10), 
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which shows that the approximate linearity between resonance frequency and strain 
becomes weaker as strain becomes larger.  For segment ③, the normalized strain 
sensitivity is reduced to 0.382 ppm/µε. This is obviously caused by the yielding of both 
the aluminum specimen and the copper antenna, as well as the dielectric property change 
of the Rogers 5880 substrate. Determination coefficient for the third segment is smaller 
than the first two segments, because material property becomes more non-linear. The 
results demonstrate that the folded patch antenna sensor is capable of sensing strain as 
high as 10,000με, which is high enough for the structural member monitoring. 
 
  
(a) Average interrogation power threshold 
(b)   Normalized frequency change ∆fN 
versus strain ε ( fR0 = 911.407 MHz) 
Fig. 5.4. Results for strain sensing range at 12 in. interrogation distance 
   
5.1.3 Strain Sensing Consistency at Different Interrogation Distances  
 Wireless interrogation distance, which refers to the distance between reader 
antenna and the antenna sensor, is an important factor in field application.  Section 
5.1.3.1 describes the experiments to discover the longest achievable interrogation 
distance of the folded patch antenna sensor, when a panel antenna is used with the RFID 
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reader. Section 5.1.3.2 describes the tests when a high-gain Yagi reader antenna is used 
with the reader. 
5.1.3.1 Interrogation distance test with a panel antenna 
 In order to investigate the largest interrogation distance that the prototype wireless 
system can provide, the antenna sensor under zero strain was tested with various 
interrogation distances first using a 8.5 dBi panel reader antenna (model number: 
S8658WPC from Cushcraft Corporation) [59]. For comparison, the sensor is tested in and 
outside an anechoic chamber, for which the experimental setups are shown in Fig. 5.5(a) 
and (b), respectively.   
 
  
(a) Photo of the interrogation distance test 
in an anechoic chamber 
(b) Photo of the interrogation distance test 
outside the chamber 
Fig. 5.5. Experimental setup for the interrogation distance analysis 
 
Fig. 5.6(a) shows the average interrogation power threshold ( )P f  plots at different 
distances measured in the anechoic chamber, and Fig. 5.6(b) shows the plots outside the 











(a) Inside the anechoic chamber (b)  Outside the anechoic chamber 
Fig. 5.6. Average interrogation power threshold plots (at zero strain level) for different 
interrogation distances 
  
 The resonance frequencies at different distances are extracted and plotted in Fig. 
5.7.  The variation in the chamber is about 0.08 MHz, as shown in Fig. 5.7(a). For testing 
outside the chamber, as shown in Fig. 5.7(b), resonance frequency variation is of similar 
magnitude, except for the case at 50 in. The larger difference outside the chamber can be 
due to more multipath propagation of the electromagnetic wave, as well as more 
environmental noise. It should be noted that regardless of the resonance frequency 
variation at different interrogation distances, wireless strain sensing is feasible as long as 
the relationship between the strain and the resonance frequency remains approximately 
linear at a fixed interrogation distance. Nevertheless, future research will continue 
exploring advanced design, interrogation, or analysis techniques for more constant 
resonance frequencies at different interrogation distances. 
 




































































(a) Inside the anechoic chamber (b) Outside the anechoic chamber 
Fig. 5.7. Resonance frequency fR (at zero strain level) extracted from the transmitted 
power threshold plots 
 
5.1.3.2 Wireless strain sensing with a high-gain Yagi antenna at 60 in. and 84 in. 
interrogation distance  
 To further investigate the strain sensing consistency at different interrogation 
distances, the reader antenna is changed to an 18 dBi high-gain Yagi antenna (APX-
ANT-0918 from Technology Hardware & Resources) [56]. The experimental setup is 
shown in Fig. 5.8. With a high-gain reader antenna, less interrogation power is required 
in order to activate the RFID chip, which means the interrogation distance can be 
improved using the same interrogation power. Two different interrogation distances, 60 
in. and 84 in., are tested for comparison. The tensile load is configured so that 
approximately 50 με increment is achieved at each loading step. All other experimental 




















































Fig. 5.8. Experimental setup for a tensile test with 60 in. interrogation distance 
  
 The interrogation power threshold plot for 60 in. interrogation distance is shown 
in Fig. 5.9. Seven strain levels are tested in total. For clarity, interrogation power 
threshold plots for only four strain levels are illustrated in Fig. 5.9(a). Fig. 5.9(b) shows 
the normalized strain sensitivity is 0.7346 ppm/µε when the interrogation distance is 60 




(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0=916.455 MHz) 















































































 The interrogation power threshold plot for 84 in. interrogation distance is shown 
in Fig. 5.10. Seven strain levels are tested in total. For clarity, interrogation power 
threshold plots for only four strain levels are illustrated in Fig. 5.10(a). Fig. 5.10(b) 
shows normalized strain sensitivity is 0.7907 ppm/µε for 84 in. interrogation distance. 
The corresponding coefficient of determination is 0.9915, which indicates acceptable 
linearity. Nevertheless, future work is needed to further improve strain sensitivity 
consistency at different interrogation distances. 
 
  
(a) Average interrogation power 
threshold 
(b) Normalized resonance frequency change 
∆fN versus strain ε ( fR0=916.738 MHz) 
Fig. 5.10. Tensile testing results at 84 in. interrogation distance 
 
5.1.4 Sensor Array Test  
 Besides harvesting electromagnetic power from the interrogation signal emitted 
by the reader, the RFID chip allows operation of multiple sensors in close proximity 
through its identification mechanism. The RFID chip integrated in the prototype sensor 
contains a 240-bit electronic product code (EPC) memory, which is utilized for 









































































identification among multiple sensors. The performance of a three-sensor array is 
investigated [56, 130]. Fig. 5.11(a) shows the center area of the aluminum specimen, 
where three antenna sensors and four metal foil strain gages are installed.  Fig. 5.11(b) 
shows the experimental setup for tensile testing. A panel antenna is placed 12 in. away 
from the specimen, facing the Antenna Sensor 2. Testing load is configured so that 
approximately 50µε increment is achieved at each loading step. A LabVIEW program is 
implemented for the reader to activate one sensor at a time, using a unique identification 
code written to the EPC memory of every RFID chip, following Class-1 Generation-2 
UHF RFID protocol.  At one instant, only one selected sensor actively responds and 




(a)  Antenna sensor array on an 
aluminum specimen 
(b)  Experimental setup 








Two metal foil 
strain gages















5.1.4.1 Three-sensor array  
 The average interrogation power thresholds of three sensors are plotted in Fig. 
5.12(a), Fig. 5.13(a), and Fig. 5.14(a). For clarity, only four strain levels are shown in 
each interrogation power threshold plots. Resonance frequency shift is observed for all 
three sensors when strain increases. Normalized resonance frequency change is plotted 
against strain in Fig. 5.12(b), Fig. 5.13(b), and Fig. 5.14(b). The three normalized strain 
sensitivities are 0.7277 ppm/με, 0.7198 ppm/με, and 0.7264 ppm/με. The similarity 
among three sensitivities indicates that the antenna sensors can operate in close proximity 
with little electromagnetic interference. The normalized strain sensitivities in sensor array 
testing are also close to the sensitivity values from previous single sensor tests. 
 Although the results are overall promising, certain interference among 
neighboring sensors still exists.  This is clearly demonstrated by the more zigzag 
interrogation power threshold plots as compared with the plots for single sensor testing.  
Even though only the selected RFID sensor responds to the reader with modulated 
signals, other RFID antennas still passively reflect un-modulated electromagnetic 
reflection to the reader.  Because all three RFID antennas have close resonance 
frequencies, the electromagnetic reflection causes inevitable interference. Future study is 
needed to reduce the interference, for example, by designing antenna sensors with 
somewhat different initial resonance frequencies at zero strain level.  Nevertheless, 
current sensor performance can be adequate for a qualitative measurement of stress 
concentration when small inaccuracies are acceptable. 
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(a) Average interrogation power 
threshold 
(b) Normalized resonance frequency change 
∆fN versus strain ε (fR0=918.127 MHz) 
Fig. 5.12. Tensile testing results for Antenna Sensor 1 
 
  
(a) Average interrogation power 
threshold 
(b) Normalized resonance frequency change 
∆fN versus strain ε (fR0=911.611 MHz) 
Fig. 5.13. Tensile testing results for Antenna Sensor 2 
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(a) Average interrogation power 
threshold 
(b) Normalized resonance frequency change 
∆fN versus strain ε (fR0=912.326 MHz) 
Fig. 5.14. Tensile testing results for Antenna Sensor 3 
 
5.1.4.2 Six-sensor array  
 A six-sensor array is assembled to further validate the array performance.  Six 
pieces of the RFID antenna sensors are mounted on an aluminum specimen.  The 
interrogation distance between the reader and the antenna sensor array is set to 24 in. The 
test is conducted using a 55-kip MTS tensile testing machine.  Fig. 5.15(a) shows the 
center area of the specimen, with the antenna sensor-array and ten metal foil strain gages 
(FLA-2-23-3LT, Texas Measurements, Inc.) measuring the axial strain.  Fig. 5.15(b) 
shows the specimen installed on the testing machine.  The reader antenna is mounted on a 
tripod and faces the wireless antenna sensor at a distance of 24 in.  
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(a) Sensor instrumentation on the aluminum 
specimen 
(b) Wireless strain sensing 
experiments 
Fig. 5.15. Experimental setup for six-sensor array test 
 
 The interrogation power measurement is conducted similar as before.  The 
interrogation power is plotted against interrogation frequency in Fig. 5.16 for data at four 
selected strain levels. The strain levels, as shown in the legend of Fig. 5.16, are calculated 
as the average among the ten axial strain gages.  Although each curve is not very smooth, 
resonance frequency shift can be observed in the plots. 
 The resonance frequencies are then extracted at each strain level, and plotted 
against strain in Fig. 5.17 for all six sensors.  The normalized strain sensitivity of six 
sensors ranges from 0.5342 ppm/με to 0.7322 ppm/με. The difference in the 
normalized strain sensitivity of six sensors is relatively large compared with the three-
sensor array test results. The larger discrepancy is likely due to larger interference when 
















Five axial strain gages













Five axial strain gages
Five axial strain gages
24 in.
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the distance between adjacent sensors, and increase the difference in the initial zero-strain 
resonance frequency of the sensors. 
  
(a) Antenna sensor 1 (b) Antenna sensor 2 
  
(c) Antenna sensor 3 (d) Antenna sensor 4 
  
(e) Antenna sensor 5 (f) Antenna sensor 6 
Fig. 5.16. Interrogation power plots for six-sensor array 
 



























































































































































































Fig. 5.17. Normalized frequency change versus strain for six-sensor array 
 
5.1.5 Temperature Stability Test  
 Different from laboratory test with constant room temperatures, thermal effect is 
critical to the strain sensing on an in-situ structure. This section investigates thermal 
effects on antenna sensor performance [131]. Numerical simulations are first performed 
to study sensor deformation due to temperature increase, when the antenna sensor is 
bonded to an unconstrained aluminum specimen (Section 5.1.5.1). The temperature 
stability test is then conducted in the thermal chamber to verify the sensor performance, 
which is presented in Section 5.1.5.2. 
5.1.5.1 Antenna sensor simulation under temperature change   
 Table 5.1 shows key material properties used in the simulation. Materials 
involved in the sensor include Rogers 5880 substrate and copper claddings. The three 
materials listed in Table 5.1 have different thermal expansion coefficients. In particular, 
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the substrate material Rogers 5880 is inhomogeneous, with different thermal coefficients 
along three dimensions. In order to evaluate complicated strain distributions due to 
temperature fluctuation, a thermal-mechanical coupled simulation is conducted using 
ANSYS software.  
 
Table 5.1. Key material properties for thermal effect simulation 
 










) 61 × 69 × 0.79 50 × 56.5 × 0.018 711 × 152 × 3.175 
Young’s modulus (GPa) 1.07 1,100 69 
Poisson’s ratio 0.4 0.35 0.33 
 
 Most of the dimension and material properties in Table 5.1 reflect the actual 
scenario to be tested in a temperature chamber.   The main difference is that aluminum 
specimen length is slightly reduced in simulation to save computing effort, though the 
difference should have little influence on thermal deformation of antenna sensor due to 
temperature.  For simplicity, the bonding between the substrate and aluminum specimen 
is assumed to be ideal, i.e. top surface of aluminum specimen and bottom surface of the 
substrate share same finite element nodes between them. Small features such as the 
matching lines, vias, and bottom copper cladding are regarded to have minimal effect on 
mechanical analysis, and thus, not considered in this simulation. Exploiting the symmetry 
of the problem, only one quarter of the structure (dimensions listed in Table 5.1) is built 
in ANSYS.  Fig. 5.18 illustrates the ANSYS meshing of the quarter model.  A quarter of 
the antenna sensor is located in Area 1 (lower-left of the figure).  Under the antenna 
sensor, a quarter of the aluminum specimen occupies all areas in the figure.  Symmetric 
boundary condition is assigned to the left and lower sides of the model.  Free boundary 
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condition is assigned to the upper and right side, to allow unconstrained stress-free 
thermal deformation. 
 
Fig. 5.18. Meshing of the quarter ANSYS model for mechanical simulation (Area 1: a 
quarter of the antenna sensor; Areas 1, 2, and 3 combined: a quarter of the aluminum 
specimen). 
 
 The copper cladding, sensor substrate, and aluminum specimen in Area 1 are 
modeled as ANSYS SOLID45 elements at high resolution.  The aluminum specimen in 
Area 3 is modeled as SOLID45 elements at relative low resolution, to reduce computing 
effort.  Since SOLID95 type is a 20-node element suitable for transiting between areas 
with different meshing resolutions, it is used to model elements in Area 2 that is between 
Areas 1 and 3.  Along thickness direction of the sensor, one layer of elements is assigned 
for the copper claddings, and five layers of elements are assigned for the substrate.  For 
the aluminum specimen, Area 1 has four layers along the thickness direction, Area 3 has 
two layers, and Area 2 is automatically meshed when transiting from two to four layers.   
 A uniform temperature increase of 90 °F is applied to the ANSYS model. Fig. 
5.19 shows x-direction strain on the top surface of aluminum specimen.  Fairly uniform 












Fig. 5.19. X-direction strain on aluminum specimen 
 
 Fig. 5.20 shows strain distribution on the top surface of copper cladding. Strain on 
the copper is also uniformly distributed, except for the right edge. Average strain level on 
the copper cladding is approximately 1,100µε.   
 
 
Fig. 5.20. X-direction strain on top copper cladding 
 
The overall strain sensitivity on antenna surface in X-direction due to temperature 












Since the measured resonance frequency change due to strain is Sε =́ 750 Hz/µε, 
resonance frequency change of the sensor due to temperature change, ST , can be 
estimated as:  
T ε 750 12.2 9.15kHz / F 
       S S   (5.4) 
 
5.1.5.2 Temperature chamber test   
 Temperature chamber test is conducted to study the antenna resonance frequency 
change caused by temperature fluctuation. Fig. 5.21 shows the test setup. An antenna 
sensor together with aluminum specimen is placed in the chamber. The Tagformance 
reader is used for wireless interrogation. Reader antenna is placed 12 in. away from the 
sensor. Because all walls, ceiling, and floor of the temperature chamber are furnished 
with metal surfaces, large amount of electromagnetic wave reflection to reader 
interrogation signal is expected. To reduce the effect of reflection on wireless 
interrogation, four pieces of radiation-absorbent foams are places around the test 
specimen and reader antenna. To keep track of temperature fluctuations in the chamber, 




(a) Front view (test specimen is enclosed 
by radiation-absorbent foams) 
(b) Top view 









 Fig. 5.22 shows the temperature steps of the test. The chamber temperature is first 
increased to 122°F within 30 minutes, and held at 122°F for 1 hour to achieve uniformity 
and stability. During the test, the chamber temperature is reduced by 9°F after every 30 
minutes, to the final level at 32°F. Interrogation power threshold measurement is 
conducted at each temperature level, before another 9°F temperature reduction to next 













30 min 1 hour 10 min
20 min Time (min)
Temperature (°F)
 
Fig. 5.22. Target temperature levels during temperature chamber test 
 
 To reduce environmental noise, five frequency sweeps are performed in the 
measurement. The average interrogation power threshold at different temperature levels 
are plotted in Fig. 5.23(a). For clarity, only four temperature levels are shown. The 
temperature numbers listed in the legend of Fig. 5.23(a) are the average reading among 
five thermometers around the specimen. Compared with target temperature levels shown 
in Fig. 5.22, actual measured temperatures are slightly lower. The discrepancy is because 
control thermostat is located close to an inlet opening on the wall, where temperature is 
higher than the center of the chamber. Resonance frequency of the antenna sensor 
decreases as the chamber temperature reduces. Since the valley area of each curve is not 
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smooth, a fourth order fitting is applied to curves shown in Fig. 5.23(a). Resonance 
frequency at each temperature level is thus determined by peak picking of each fitted 
curve, and shown in Fig. 5.23(b). A total of about 5 MHz resonance frequency decrease 
is observed when the chamber temperature reduces from 110°F down to 32°F. As 
estimated in Eq. (5.4), the resonance frequency change of the sensor due to thermal 
expansions is only 9.15 kHz/°F.  If thermal expansion were the only cause for resonance 
frequency change, the resonance should have increased by 0.714 MHz when temperature 
reduces from 110°F down to 32°F.  Because a much larger 5 MHz decrease is observed 
instead during the experiment, it is concluded that thermal deformation is not the main 
reason for resonance frequency change when temperature fluctuates.   
 
  
(a) Average interrogation power (in dBm) (b)  Resonance frequency change during 
temperature fluctuation 
Fig. 5.23. Temperature chamber test results (antenna sensor with Rogers 5880 substrate) 
 
 After further diagnosis, it is identified that most of the resonance frequency 
change is caused by substrate dielectric constant change due to temperature fluctuation. 
Fig. 5.24(a) shows Rogers 5880 dielectric constant change due to temperature fluctuation. 
According to Eq.(2.6), decrease in the dielectric constant causes increase in resonance 


































































frequency. Combining data in Fig. 5.24(a) and thermal expansion effect, the resonance 
frequency at different temperatures can be calculated. Define the zero-strain resonance 
frequency fR0 (see Eq.(2.11)) at room temperature 73°F as reference state of the sensor. 




























where r  and r
T  is the substrate dielectric constant at reference temperature 73°F and 
another temperature T, respectively; T  is the temperature difference from 73°F 
reference; Rf ( TS T ) is the resonance frequency change due to thermal expansion.  
  
(a) Dielectric constant change during 
temperature fluctuation 
(b) Resonance frequency change during 
temperature fluctuation 
Fig. 5.24. Effect of dielectric constant change during temperature fluctuation (Rogers 
5880 substrate) 
 
 Fig. 5.24(b) overlays the calculation results with experimental results, showing a 
closely match.  It is therefore concluded that resonance frequency change during 
























































temperature fluctuation is mainly caused by change in substrate dielectric constant. In 
order to have a stable strain measurement with large temperature variation, it is possible 
to explore different substrate material with stable dielectric constant under temperature. 
The results are presented in Section 5.1.8. 
 
5.1.6 Emulated Crack Test  
 Emulated crack sensing performance of the prototype antenna sensor is described 
in this section [56, 132, 133]. To conveniently emulate crack propagation, a special crack 
testing device (Fig. 5.25(a)) is designed for the experiments. The crack testing device 
consists of three aluminum plates, i.e. a base plate (16 in. × 12 in. × 1 in.), a rotating top 
plate (8 in. × 4 in. × 0.5 in.), and a fixed bottom plate (8 in. × 4 in. × 0.5 in.). Due to their 
thickness, all three plates can be assumed to remain rigid during crack testing for the 
sensor. The fixed bottom plate is fastened to the base plate by four corner bolts. The 
rotating top plate is attached to the base plate by one bolt at the bottom right corner, 
which acts as the rotation axis. A fine-resolution displacement control screw (1mm 
threading) is installed at the top left corner of the rotating plate. By turning the screw, a 
rotation is imposed on the top plate and a crack/gap is opened between the top and 
bottom plates, as marked by the dashed line in Fig. 5.25(a). The crack opening size is 
measured by a digital dial gage (0.0001 in. resolution) mounted at the left side of the base 
plate. A spring-loaded probe from the gage pushes against an angle bracket that is 





(a) Photo of the crack testing device (b) Experimental setup 
Fig. 5.25. Experimental setup of emulated crack test 
 
 For crack sensing, the back side of a prototype antenna sensor is bonded on the 
rotating and fixed plates, above the gap and at the center of the crack opening line. The 
experimental setup for wireless interrogation is shown in Fig. 5.25(b). The panel reader 
antenna faces the center of the prototype sensor at a distance of 12 in. Through a coaxial 
cable, the reader antenna is connected with the Tagformance reader unit. At each crack 
opening size, the Tagformance reader sweeps through a frequency range to measure the 
interrogation power threshold, so that the resonance frequency of the antenna sensor can 
be determined. After the reader finishes interrogation at one crack opening size, the 
displacement control screw is turned to reach the next crack opening size. 
 Fig. 5.26 shows representative photos of the deformed/cracked antenna sensor at 
three different crack opening sizes. Crack size underneath the sensor is estimated from 
dial gage reading. Fig. 5.26(a) shows the sensor at 5-mil crack opening. No fracture 
occurs on the sensor, but slight deformation is observed on the top copper cladding. Fig. 

















sensor responds. Small fractures have developed on the top copper and the substrate, but 
the sensor still functions properly. The loading step after 32-mil causes rapid breakage of 
the sensor, as shown in Fig. 5.26(c). At this point, the crack grows through the entire 
antenna width. No response from the antenna sensor can be received by the Tagformance 
reader.  
 
   
(a) 5 mils (b) 21 mils (c) 32 mils 
Fig. 5.26. Photos of deformed antenna sensor at different crack opening sizes 
 
 In total, fourteen crack opening sizes are wirelessly measured during the 
experiment. For clarity, Fig. 5.27(a) shows the interrogation power threshold plots for 
only five crack opening sizes.  It is observed that the antenna resonance frequency 
reduces gradually when crack opening increases.  The normalized resonance frequency 
change is plotted against crack opening size in Fig. 5.27(b). A linear regression is 
performed on the fourteen data points. The slope of −303
 
ppm/mil represents the 
emulated crack sensing sensitivity, which means 1 mil crack underneath the sensor 







(a) Average interrogation power 
threshold ( )P f   
(b)  Normalized frequency change ∆fN versus 
crack opening d ( fR0 = 912.822 MHz) 
Fig. 5.27. Experimental results for emulated crack test 
 
 Because the aluminum plates in Fig. 5.25 remain fairly rigid during the testing, 
crack opening in the testing is much simplified as compared to an actual fatigue crack 
that occurs on a structure in the field. However, it should be noted that as shown in Fig. 
5.26, the sensor still experiences a complicated deformation process. At the beginning of 
the experiment, crack opening generated by the rotating plate causes stress concentration 
along the center line of the antenna ground plane, i.e. bottom copper layer. The 
strain/deformation also propagates through the substrate and into the top copper layer. 
When the crack opening increases to a certain point, fracture in the bottom copper starts, 
and gradually propagates to fracture in the substrate and top copper near the end of the 
testing. Although accurate measurement of bottom copper fracture is difficult to obtain, it 
is likely that most of the observed resonance frequency shift is caused by antenna 
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5.1.7 Fatigue Crack Test  
 To characterize sensor performance measuring fatigue crack, a compact-tension 
(CT) specimen is designed and fabricated according to ASTM standard E647-11 [56]. 
Fig. 5.28(a) shows the design drawing of the fatigue test specimen, and Fig. 5.28(b) 




(a) Design drawing of fatigue specimen (b)  Fatigue specimen together with 
prototype antenna sensor 
Fig. 5.28. Design drawing and photo of a fatigue test specimen 
 
 A prototype sensor is installed at the center area of the 5 in. × 4.8 in. × 0.5 in. 
specimen. Experimental setup for the fatigue test is shown in Fig. 5.29. An extensometer 
is installed at the notch side of the specimen to measure crack opening width. Besides 
crack width measurement, crack length on the back of the CT specimen is measured. To 
identify crack tip location, dye penetrant is sprayed on the back surface for measuring 
crack length with a caliper. After a pre-crack is generated, the specimen is subject to 5 Hz 
cyclic loading. A loading ratio LR = Pmax/Pmin = 0.5 is adopted. The loading level is 
determined by crack growth rate. In this test, the minimum and maximum load are 2 kips 


















experiment duration. After every 10,000 cycles of loading, the specimen is held at 3 kips 
static load for wireless interrogation. Resonance frequency of the antenna sensor is 
interrogated by the Tagformance reader, with a panel reader antenna placed at 12 in. 
away from the sensor.  
 
Fig. 5.29 Experiment setup for fatigue test 
 
 The specimen is broken apart after 110,000 cycles, which takes about 6 hours in 
total. Fig. 5.30(a) and Fig. 5.30(b) show photos of the front and back view of the 
specimen after 90,000 cycles. As shown in Fig. 5.30(b), the crack length after 90,000 








(a) Front view (b) Back view 
  
(c) Front view of the failed specimen (d) Back view of the failed specimen 
Fig. 5.30. Photos of fatigue specimen during test 
 
 Fig. 5.31(a) shows average interrogation power threshold at different crack 
lengths. Although measurements are obtained for ten different lengths, for clarity, plots 
for only four crack lengths are shown in Fig. 5.31(a). About 2MHz resonance frequency 
decrement is observed when the crack length increases to 0.958 in. Normalized resonance 
frequency changes at all crack lengths are shown in Fig. 5.31(b). Resonance frequency of 
the antenna sensor keeps decreasing when crack length increases. At the final stage when 
wireless measurement can still be obtained, crack length grows to 1.311 in. The final 
obtained resonance frequency drops down to 867.6MHz (i.e. 5.37% decrease in 
normalized resonance frequency).  To make the trend in other points distinguishable, Fig. 
5.31(b) does not show this final data point. Compared with the emulated crack testing 





is because more complicated deformation occurs in the sensor during fatigue testing, 
where stress concentration is highly localized around the crack tip. More quantitative 
studies, possibly through multi-physics simulation, can be performed in the future to 
investigate the phenomenon in detail. 
 
  
(a) Average interrogation power threshold (b) Normalized frequency change ∆fN 
versus crack size d ( fR0 = 917.101 MHz) 
Fig. 5.31. Experimental results for fatigue test 
 
5.1.8 Folded Patch Antenna Sensor Using Substrate Rogers 6202  
 To improve sensor reliability during temperature fluctuation, a new substrate 
material has been investigated [131].  The material has more stable dielectric constant 
under temperature fluctuation. This section describes the effort to re-design and test an 
antenna sensor with the new substrate material.  The newly identified substrate material is 
Rogers 6202, a ceramic-filled PTFE composite. Table 5.2 lists key properties of substrate 
material Rogers 6202, as compared with Rogers 5880.  The coefficients of thermal 
expansion of Rogers 6202 are reduced by half in x and y direction, and reduced by 87% 




































































in z direction. With less thermal deformation under temperature fluctuation, more stable 
resonance frequency is also expected when temperature fluctuates.  
 
Table 5.2. Key property comparison between Rogers 5880 and Rogers 6202 
 
Rogers  5880 Rogers 6202 
Material type 
Glass microfiber reinforced 
PTFE composite 





x 17 8 
y 27 8 
z 132 17 
Dielectric constant (βr0) at 73 ºF 2.2 2.94 
 
 More importantly, dielectric constant of Rogers 6202 at different temperatures is 
plotted in Fig. 5.32. Much smaller dielectric constant change is observed, as compared 
with Rogers 5880 shown in Fig. 5.24(a). With smaller dielectric constant change and less 
thermal deformation under temperature fluctuation, more stable resonance frequency is 
expected when temperature fluctuates.   
 
 
Fig. 5.32. Dielectric constant change of Rogers 6202 due to temperature fluctuation 
(provided by manufacturer) 
 



















The new sensor design with Rogers 6202 substrate is shown in Fig. 5.33. Since the 
dielectric constant magnitude of Roger 6202 is larger than Roger 5880, total copper size 
of the sensor decreases from 2.15 in. × 1.97 in. to 1.91 in. × 1.73 in. Matching lines are 
re-tuned to match the impedance of the RFID chip. 
 
  
(a) Design drawing (b) Photo of manufactured sensor 
Fig. 5.33. Antenna sensor with Rogers 6202 substrate material 
 
5.1.8.1 Temperature stability test 
 After the antenna sensor with Rogers 6202 substrate is fabricated, temperature 
chamber test is conducted [131]. The test is similar to previous test for Rogers 5880 
substrate, as described in Section 5.1.5. The antenna sensor with Rogers 6202 substrate 
together with aluminum specimen is placed in the chamber. The Tagformance reader 
antenna is placed 12 in. away from the sensor. Four pieces of foams are places around the 
test specimen and reader antenna. To keep track of temperature fluctuations in the 
chamber, five thermometers are placed around the foams. The experimental results are 
shown in Fig. 5.34. Average interrogation power threshold at different temperatures is 
plotted in Fig. 5.34(a). For clarity, only four temperature levels are shown. The extracted 
resonance frequencies at different temperatures are plotted in Fig. 5.34(b). Overall, the 




















resonance frequency change is only about 0.2 MHz when temperature changes from 41 
°F to 105 °F. Compared with previous sensor design with Rogers 5880 substrate, it is 




(a) Average interrogation power threshold (b)  Resonance frequency change during 
temperature fluctuation 
Fig. 5.34. Temperature chamber test results (antenna sensor with Rogers 6202 substrate) 
 
5.1.8.2 Strain sensing test  
 Wireless strain sensing test for the Rogers 6202-based antenna sensor is 
conducted using a 55-kip MTS testing machine. Fig. 5.35(a) shows the center area of the 
specimen, with an antenna sensor and five metal foil strain gages (FLA-2-23-3LT, Texas 
Measurements, Inc) measuring the axial strain.  Fig. 5.35(b) shows the specimen installed 
on the testing machine.  The reader antenna faces the antenna sensor at a distance of 12 





































































(a) Sensor instrumentation on an aluminum 
specimen 
(b) Wireless strain sensing experiment 
Fig. 5.35. Experimental setup for the tensile testing 
 
 The tensile load applied by the testing machine is configured so that 
approximately 50µε increment is achieved at each loading step. The data analysis 
procedure is the same as used for the folded patch antenna sensor using Rogers 5880 
substrate. Fig. 5.36(a) shows the interrogation power threshold plot for different strain 
levels. For clarity, only four strain levels are shown. The strain levels are calculated as 
the average among the five axial strain gages. Fig. 5.36(b) shows how the normalized 
resonance frequency of the antenna sensor changes with strain. The slope value of 
0.6872 ppm/µε is the normalized strain sensitivity of the antenna sensor, which means 
that 1 µε increment on the specimen causes 0.6872 ppm decrease in the resonance 
frequency of the wireless strain sensor. Fig. 5.36(b) also shows the coefficient of 
determination R
2














(a)  Average interrogation power threshold (b)  Resonance frequency  fR versus strain ε 
Fig. 5.36. Tensile test results for the antenna sensor with Rogers 6202 substrate 
 
5.1.9 Summary  
Extensive experiments are conducted to verify the performance of the folded 
patch antenna sensor. The results demonstrate that the antenna sensor is capable of 
sensing strain as small as 20με and as high as 10,000 με. The strain sensing results are 
also consistent with different interrogation distance. The strain sensing tests are 
conducted at 60 in. and 84 in. distances, which show reliable measurement results. The 
sensor is also capable of measuring strain distribution in a small area, which is 
demonstrated by three and six sensor-array tests. The signal differentiation between 
adjacent antenna sensors is achieved by the anti-collision mechanism of the adopted 
RFID chip. The sensor is also validated for its crack sensing performance by emulated 
crack and fatigue crack tests. The results show that the antenna sensor can sense the milli-
meter crack propagation, which is sufficient for the crack monitoring in the early stage. 
To validate the sensor performance of the antenna sensor under temperature, the 
antenna sensor is tested in the temperature chamber. The resonance frequency shifts 











































































2 = 0.9650 
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according to temperature is measured. The results show that the folded patch antenna 
sensor is sensitive to the temperature change and is directly related with the substrate 
dielectric constant change due to temperature fluctuation.  In order to calibrate the 
temperature change in the field monitoring, another dummy antenna sensor experiencing 
no strain effect is required to be installed in the monitoring area. An alternative about the 
temperature effect calibration is to design an antenna sensor on a substrate with stable 
dielectric constant under temperature. To this end, another folded patch antenna sensor is 
designed on the Rogers 6202 substrate. The temperature chamber test shows that the 
antenna sensor with Rogers 6202 substrate has consistent resonance frequency under 
temperature fluctuation. Further strain sensing results demonstrate that the antenna sensor 
is also have similar strain sensitivity as the folded patch antenna sensor on Rogers 5880 
substrate.  
 
 Passive Slotted Patch Antenna Sensor 5.2
The design drawing and photo of the passive slotted patch antenna sensor is 
shown in Fig. 5.37. The total dimension of the sensor is 44 mm × 48 mm. The sensor size 




(a) Design drawing (b) Photo of fabricated sensor 





The simulation results of passive slotted patch antenna sensor are presented in 
Section 3.3.2. The simulated strain sensitivity of the passive slotted patch antenna sensor 
is similar as the folded patch antenna sensor in Section 5.1. To evaluate sensor 
performance, extensive experiments are conducted to evaluate sensor performance. 
Section 5.2.1 presents test results of strain sensing resolution under tension, followed by 
results under compression in Section 5.2.2. Section 5.2.3 presents the results of strain 
sensing range test. Section 5.2.4 presents the strain sensing consistency evaluation at 
different interrogation distances. The fatigue crack sensing results are presented in 
Section 5.2.5 for single crack measurement. Section 5.2.6 presents test results for double 
cracks measurement. 
 
5.2.1 Strain Sensing Resolution under Tension 
 This section describes the tensile strain sensing resolution of the passive slotted 
patch antenna sensor. The experimental setup is shown in Fig. 5.38. During this 
experiment, the reader antenna is an 18 dBi high-gain Yagi antenna. The interrogation 
distance is 36 in. The tensile load is configured so that approximately 20 με increment is 
achieved at each loading step. All other experimental setups and data analysis remain the 
same as before. 
 The interrogation power threshold plot is shown in Fig. 5.39. Eleven strain levels 
are tested. For clarity, interrogation power threshold plots for only four strain levels are 
illustrated in Fig. 5.39(a). Fig. 5.39(b) shows the normalized strain sensitivity is 0.6811 
ppm/µε when the interrogation distance is 36 in. The corresponding coefficient of 




(a) Sensor instrumentation on an 
aluminum specimen 
(b) Wireless strain sensing experiment 
Fig. 5.38. Experimental setup for a tensile test with 36 in. interrogation distance 
 
  
(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0 = 910.239 MHz) 
Fig. 5.39. Tensile testing results at 36 in. interrogation distance 
 
5.2.2 Strain Sensing Resolution under Compression 
 This section describes the compression strain sensing test of the passive slotted 
patch antenna sensor. The experimental setup is shown in Fig. 5.40(a), with a tapered 
Antenna sensor
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aluminum specimen designed to generate constant compressive strain on the surface. The 
compression setup includes one strong base plate with a pair of bearings in the middle of 
the front side. The specimen fits between the base plate and the bearings. To generate 
compression strain on the specimen, two bolts through the upper and lower ends of the 
base plate are screwed towards the specimen that is constrained by bearings in the 
middle. The mechanism essentially provides a 3-point bending in the side view of Fig. 
5.40(b).  The passive slotted patch antenna sensor is installed in the middle of the 
specimen, together with five metal foil strain gages for comparison. The reader antenna is 
an 18 dBi high-gain Yagi antenna. The interrogation distance is 20 in. The two blots are 
turned so that approximately -20 με increment is achieved at each loading step. All other 
experimental setups and data analysis remain the same as before. 
 
  

















(c) Experimental setup 
Fig. 5.40. Compression testing at 20 in. interrogation distance 
  
 Eleven strain levels are tested. For clarity, interrogation power threshold plots of 
only four strain levels are illustrated in Fig. 5.41(a). Fig. 5.41(b) shows the normalized 
strain sensitivity is 0.6658 ppm/µε when the interrogation distance is 20 in. The 




(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0 = 910.64 MHz) 
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5.2.3 Large-strain Test 
 A large strain test is also conducted on the compression setup. The experimental 
setup is similar as in Section 5.2.2. The aluminum specimen is bended at three points so 
that approximately 100 με increment is achieved at each compression loading step.  The 
loading increases till about 1,000 με is reached. All other experimental setups and data 
analysis remain the same as before. The interrogation power threshold plot is shown in 
Fig. 5.42. Eleven strain levels are tested in total. For clarity, interrogation power 
threshold plots for only four strain levels are illustrated in Fig. 5.42(a). Fig. 5.42(b) 
shows the normalized strain sensitivity is 0.8338 ppm/µε. The corresponding coefficient 
of determination is 0.9906, which indicates acceptable linearity.  
 
  
(a) Average interrogation power threshold 
(b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0 = 910.853 
MHz) 
Fig. 5.42. Compressive testing results at 20 in. interrogation distance 
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5.2.4 Sensing Consistency at Different Interrogation Distances 
 This section describes the strain sensing consistency of the passive slotted patch 
antenna sensor at different interrogation distances. The reader antenna used in the testing 
is an 18 dBi high-gain Yagi antenna.  Section 5.2.4.1 first describes the limit of the sensor 
interrogation distance.  Two different interrogation distances, 36 in. and 60 in., are tested 
for strain sensing.  The results are described in Sections 5.2.4.2 and 5.2.4.3.  
5.2.4.1 Interrogation distance test 
 Fig. 5.43(a) shows the center area of an aluminum testing specimen, with the 
wireless antenna sensor installed. Fig. 5.43(b) shows the experimental setup for the 
interrogation distance test. The Yagi reader antenna faces the wireless strain sensor, and 
the distance between the sensor and the reader antenna is gradually increased from 12 in. 
up to 90 in. The reader antenna is connected with Tagformance reader. The interrogation 




(a) Photo of the sensor installation (b) Photo of the experimental setup 
Fig. 5.43. Experimental setup for the interrogation distance test. 
 
 The interrogation power from the Tagformance reader at different interrogation 
distances are plotted in Fig. 5.44. When the interrogation distance is 12 in., the 
 Passive slotted patch antenna




interrogation power threshold around the resonance frequency is less than 12 dBm, 
meaning a low interrogation power is needed to activate the passive sensor. When the 
interrogation distance is increased up to 90 in., the reader is still capable of measuring 
3dB bandwidth (needed for reliably extracting resonance frequency) of the interrogation 
power curve.  The power level around the resonance frequency increases to about 23 
dBm, i.e. larger interrogation power is needed at a longer distance. 
 
 
Fig. 5.44. Interrogation power at different interrogation distances 
 
5.2.4.2 Wireless strain sensing at 36 in. interrogation distance 
  Wireless strain sensing is first conducted at a relatively long interrogation 
distance of 36 in. The tensile load is configured so that approximately 50 με increment is 
achieved at each loading step. All other experimental setups and data analysis remain the 
same as before. For clarity, interrogation power threshold plots for only four strain levels 










































are illustrated in Fig. 5.45(a). Fig. 5.45(b) shows the normalized strain sensitivity is 
0.6626 ppm/µε. The corresponding coefficient of determination is 0.9731.  
 
  
(a) Average interrogation power threshold 
(b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0 = 910.238 
MHz) 
Fig. 5.45. Tensile testing results at 36 in. interrogation distance 
 
5.2.4.3 Wireless strain sensing at 60 in. interrogation distance 
 The interrogation distance is later increased to 60 in. for wireless strain sensing 
test. The tensile load is configured so that approximately 50 με increment is achieved at 
each loading step. All other experimental setups and data analysis remain the same as 
before. For clarity, interrogation power threshold plots for only four strain levels are 
illustrated in Fig. 5.46(a). Fig. 5.46(b) shows the normalized strain sensitivity is 0.6086 
ppm/µε. The corresponding coefficient of determination is 0.9734, which indicates 
acceptable linearity at 60 in. interrogation distance.  
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(a) Average interrogation power threshold 
(b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0 = 910.182 
MHz) 
Fig. 5.46. Tensile testing results at 60 in. interrogation distance 
 
5.2.5 Single Crack Fatigue Test (Steel Specimen) 
 Fatigue crack test with a steel specimen has been conducted with the slotted patch 
antenna sensor. Fig. 5.47 shows the specimen configuration and experimental setup. A 
passive slotted patch antenna sensor is installed to measure crack propagation. To 
measure crack opening of the specimen during cyclic loading, a magnetostrictive position 
sensor from MTS Sensors (CS-194-AV) is installed next to the notch.  The reader 
antenna adopted in this experiment is a 900 MHz Yagi antenna placed 36 in. away from 
the center of the steel specimen, as shown in Fig. 5.47(b).  
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(a) Fatigue specimen (b) Experimental setup 
Fig. 5.47 Experimental setup for the fatigue crack test of passive slotted-patch antenna 
sensor 
 
 Table 5.3 summarizes cyclic loading procedures and measurement results. The 
sinusoidal cyclic loading frequency is set as 5 Hz during the entire test.  A small pre-
crack of 0.082 in. is first generated using a larger loading range, oscillating at 1.2 ~ 4.8 
kips for 15,000 cycles. After pre-crack, the tensile load oscillates in a smaller range for 
each of the following nine cyclic loading stages, every stage consisting of 10,000 cycles 
(Table 5.3).  At the end of every stage, the Instron machine is paused with a static load at 
3 kips for taking measurements. Interrogation power threshold of the RFID antenna 
sensors is first wirelessly measured using the Tagformance Lite reader unit.  After 
applying dye penetrant on the back side of the specimen, the crack length is measured by 
a caliper. Crack width refers to crack opening at the initial tip of the specimen, which is 
converted from magnetostrictive sensor data according to the specimen dimension.  After 
all measurements are read, the next cyclic loading stage starts. 
 The fatigue test continues until no signal can be received from the antenna sensor, 
which occurred after loading stage #9.  In this fatigue test, the RFID sensor stopped 
responding to reader before the steel specimen breaks apart into two pieces.  Therefore, 











the specimen after different loading stages. Fig. 5.48(a) through (i) show the back view of 
the specimen immediately after loading stage #1 through #9.  
 









1 1.2~4.8 15,000 0.082 0 
2 1.5~4.5 10,000 0.198 0.0009 
3 1.5~4.5 10,000 0.243 0.0010 
4 1.7~4.3 10,000 0.395 0.0011 
5 1.9~4.1 10,000 0.504 0.0012 
6 1.9~4.1 10,000 0.538 0.0012 
7 1.9~4.1 10,000 0.596 0.0013 
8 1.9~4.1 10,000 0.688 0.0014 
9 1.2~4.8 10,000 0.785 0.0016 
 
  
(a) Loading stage #1 (b) Loading stage #2 
  











(e) Loading stage #5 (f) Loading stage #6 
  
(g) Loading stage #7 (h) Loading stage #8 
 
(i) Loading stage # 9 
Fig. 5.48. Steel specimen photos at different crack lengths 
 
 Fig. 5.49(a) plots the average interrogation power thresholds of the antenna sensor 












extracted, and plotted in Fig. 5.49(b) against the length.   Overall, about 3.5 MHz 
resonance frequency decrease is observed, when the crack length increases to 0.688 in.  
In practice, such a large frequency decrease is easy to measure by a wireless reader.   
 
  
(a) Average interrogation power threshold (b) Resonance frequency versus crack length 
Fig. 5.49. Fatigue test results of the passive slotted-patch antenna sensor 
 
5.2.6 Double Crack Fatigue Test (Aluminum Specimen) 
 Fatigue crack test with an aluminum double-crack specimen has also been 
conducted to investigate sensing performance of the slotted patch antenna sensor. Fig. 
5.50 shows the specimen configuration and experimental setup for fatigue crack test. 
Antenna sensors #1 and #2 are installed along the crack propagation paths of upper and 
lower notches, respectively. To measure crack opening of the specimen during cyclic 
loading, one magnetostrictive position sensor from MTS Sensors (CS-194-AV) is 
installed for each notch.  Magnetostrictive sensor #1 measures upper crack opening, and 
magnetostrictive sensor #2 measures lower crack opening. The reader antenna adopted in 
this experiment is a 900MHz Yagi antenna placed 16 in. away from the center of the 
double-crack specimen, as shown in Fig. 5.50(b).  




































































(a) Fatigue specimen (b) Experimental setup 
Fig. 5.50 Experimental setup for the fatigue test of passive slotted-patch antenna sensor 
  
 Table 5.4 summarizes cyclic loading procedures and measurement results. The 
sinusoidal cyclic loading frequency is set as 5 Hz during the entire test.  A small pre-
crack of 0.071 in. is first generated using a higher load level, oscillating at 2.25 ~ 4.5 kips 
for 15,000 cycles. After pre-crack, the tensile load oscillates at 2 ~ 4 kips for each of the 
following nine cyclic loading stages, every stage consisting of 10,000 cycles.  The 
measurement process remains the same as in Section 5.1.7 and is not repeated herein. 
 The fatigue test continues until the specimen broke and antenna sensor #1 
debonds from the specimen, which occurs after loading stage #10.  Fig. 5.51 shows 
representative photos of the specimen at different loading stages. Fig. 5.51(a) through (i) 
show the back view of the specimen after loading stages #1 through #9, with crack 
lengths marked on each photo. Fig. 5.51(j) shows the front view of the specimen after the 







































1 2.25~4.5 15,000 0.11 0.00032 0.08 0.00023 
2 2~4 10,000 0.14 0.00176 0.11 0.00138 
3 2~4 10,000 0.237 0.00231 0.15 0.00146 
4 2~4 10,000 0.262 0.00233 0.2 0.00178 
5 2~4 10,000 0.362 0.00272 0.29 0.00218 
6 2~4 10,000 0.375 0.00304 0.355 0.00288 
7 2~4 10,000 0.455 0.00346 0.525 0.00399 
8 2~4 10,000 0.579 0.00371 0.658 0.00422 
9 2~4 10,000 0.787 0.00611 1.027 0.00797 
10 2~4 6,395 Antenna sensor 1 debonded from the specimen 
 
  
(a) Loading stage #1 (b) Loading stage #2 
  















(e) Loading stage #5 (f) Loading stage #6 
  
(g) Loading stage #7 (h) Loading stage #8 
  
(i) Loading stage #9 (j) Sensor #1 debonded 
Fig. 5.51. Photos of double-crack specimen at different crack lengths 
 
 Fig. 5.52(a) and (b) plot the average interrogation power thresholds at different 

















widths are extracted, and plotted in Fig. 5.52(c) and (d).  Overall, about 1.5 MHz 
resonance frequency decrease is observed from the antenna sensor #1, when the upper 
crack length increases to 1.027 in.  Such large frequency decrease is relatively easy to 
measure in practice.  However, much smaller resonance frequency is observed at antenna 
sensor #2, mainly due to the relatively smaller growth of the lower crack. The curves in 
Fig. 5.52(c) and (d) also show resonance frequency increments when the crack 
length/width are small.  The results mean that at the beginning of the test, the antenna 
sensors experience mainly compression rather than tension.  The phenomenon only 
occurred in double-crack test, and didn’t occur in any of the single-crack tests.  This 
could be explained by initial in-plane bending of the specimen when the testing machine 
is paused with a static load at 3 kips for taking wireless measurements.  Nevertheless, 
after cracks grow near the antenna sensors, the sensors start experiencing more tension.  
Overall, the antenna sensors have shown clear capability of detecting stress concentration 
(either tension or compression). 
 
  
(a) Average interrogation power from 
Antenna sensor #1 
(b) Average interrogation power from 
Antenna sensor #2 


































































(c) Resonance frequency versus crack 
width 
(d) Resonance frequency versus crack 
length 
Fig. 5.52. Fatigue test results of the passive slotted-patch antenna sensors 
 
5.2.7 Summary 
 Compared with the folded patch antenna sensor in Section 5.1, the passive slotted 
patch antenna sensor is designed to reduce sensor footprint, while maintaining sensor’s 
operating frequency around 900 MHz. The size reduction is achieved by introducing slots 
on the top copper cladding to detour the surface current. The sensor size is reduced to 44 
mm × 48 mm, whose area is only half of the folded patch antenna sensor. Extensive 
experiments are performed to verify the sensor performance. The test results show that 
the passive slotted patch antenna sensor is capable of sensing small strain as 20 με. The 
sensor can monitor not only tensile strain, but also compressive strain with same sensing 
mechanism. The strain sensing test results demonstrate that the sensor has consistent 
measurement performance at different interrogation distances. The interrogation distance 
test also shows that the sensor can be measured when the reader is even 90 in. away from 
the sensor. The single fatigue crack test indicates that the sensor can track the millimeter 
crack propagation generated on a steel specimen. Further double crack fatigue test shows 

















































that the sensor can measure the crack propagation on an aluminum specimen, as well as 
multiple cracks monitoring in a small area.  
 Although the sensor can be interrogated in a distance of 90 in., it is still relatively 
limited for field testing in a real application. To further improve the interrogation 
distance, an active slotted patch antenna sensor is designed by integrating an active RFID 
chip. The results are presented in the following section. 
 
 Active Slotted Patch Antenna Sensor 5.3
The design drawing and photo of the active slotted patch antenna sensor is shown 
in Fig. 5.53. The sensor has the same outer dimension as the passive slotted patch antenna 
sensor (44 mm × 48 mm). The active RFID chip is integrated to boost the interrogation 
distance of the sensor. The simulation results have been presented in Section 3.3.2. The 
simulated strain sensitivity of the active slotted patch antenna sensor is similar as the 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 5.53. Slotted patch antenna sensor with active RFID chip 
 
After the evaluation for passive slotted patch antenna sensor, the performance of 
the active slotted patch antenna sensor is similarly validated by various experiments. This 




5.3.1 presents the test results of strain sensing resolution under tension. Section 5.3.2 
describes the strain sensing range results under compression. The strain sensing 
consistency results are similarly presented in Section 5.3.3. 
 
5.3.1 Strain Sensing Resolution under Tension 
 This section describes the tensile strain sensing results of the active slotted patch 
antenna sensor powered by a solar cell. The experimental setup is shown in Fig. 5.54. 
During this experiment, the reader antenna is an 18 dBi high-gain Yagi antenna. The 
interrogation distance is 96 in. A solar cell is used with the active RFID sensor.  Instead 
of sunshine, weaker in-door light is used for convenience with tensile testing. The tensile 
load is configured so that approximately 20 με increment is achieved at each loading step. 




(a) Sensor instrumentation on an 
aluminum specimen 
(b) Wireless strain sensing experiment 
Fig. 5.54. Experimental setup for a tensile test with 96 in. interrogation distance 
  
 The interrogation power threshold plot is shown in Fig. 5.55. Eleven strain levels 
are tested in total. For clarity, interrogation power threshold plots for only four strain 
Antenna sensor











levels are illustrated in Fig. 5.55(a). Fig. 5.55(b) shows the normalized strain sensitivity is 
0.7054 ppm/µε. The corresponding coefficient of determination is 0.9301, which needs 
additional improvement.  
 
  
(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0=915.827 MHz) 
Fig. 5.55. Tensile testing results at 96 in. interrogation distance 
 
5.3.2 Large Compressive Strain Test  
 A large compression strain measurement is later conducted on the active slotted 
patch antenna sensor. The experimental setup is similar as in Fig. 5.40. During this 
experiment, the reader antenna is an 18 dBi high-gain Yagi antenna. The interrogation 
distance is 54 in. The power source used in this scenario is the solar cell with indoor 
light. The aluminum specimen is bended at three points so that approximately -100 με 
increment is achieved at each loading step. All other experimental setups and data 
analysis remain the same as before. The interrogation power threshold plot is shown in 
Fig. 5.56. There are eleven strain levels in total. For clarity, interrogation power threshold 
plots for only four strain levels are illustrated in Fig. 5.56(a). Fig. 5.56(b) shows the 
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normalized strain sensitivity is 0.817 ppm/µε. The corresponding coefficient of 
determination is 0.9919, which indicates acceptable linearity.  
 
  
(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0=913.492 MHz) 
Fig. 5.56. Tensile testing results at 54 in. interrogation distance 
 
5.3.3 Strain Sensing Consistency at Different Interrogation Distances  
 This section describes the strain sensing consistency of the active slotted patch 
antenna sensor at different interrogation distances. The reader antenna adopted in the 
experiments is an 18 dBi high-gain Yagi antenna. The interrogation distance test is first 
conducted to investigate the limit of the sensor interrogation distance. Strain sensing is 
then performed at a long interrogation distance of 96 in. 
 
5.3.3.1 Interrogation distance test 
 Fig. 5.57(a) shows the center area of the aluminum testing specimen with the 
active slotted patch antenna sensor, which is connected with a solar cell (AM-8701 from 
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SANYO Semiconductor Co., Ltd.). Fig. 5.57(b) shows the experimental setup for the 
interrogation distance test. The Yagi reader antenna faces the antenna sensor. The 
distance between the sensor and the reader antenna is gradually increased from 12 in. up 




(a) Photo of the sensor installation (b) Photo of the experimental setup 
Fig. 5.57. Experimental setup for the interrogation distance test. 
 
 The interrogation power from the Tagformance reader at different interrogation 
distances are plotted in Fig. 5.58. When the interrogation distance is 36 in., the 
interrogation power threshold around the resonance frequency is less than 9 dBm (i.e. 
very little power is needed). When the interrogation distance is increased to 156 in., the 
reader is still capable of measuring 3dB bandwidth of the interrogation power threshold 




Active slotted patch antenna





Fig. 5.58. Interrogation power at different interrogation distances 
 
5.3.3.2 Wireless strain sensing at 96 in. interrogation distance 
 Strain sensing is performed with the active RFID sensor when the interrogation 
distance increases to 96 in. The tensile load is configured so that approximately 50 με 
increment is achieved at each loading step. All other experimental setups and data 
analysis remain the same as before. The interrogation power threshold plot is shown in 
Fig. 5.59. For clarity, interrogation power threshold plots for only four strain levels are 
illustrated in Fig. 5.59(a). Fig. 5.59(b) shows the normalized strain sensitivity is 0.7499 
ppm/µε. The corresponding coefficient of determination is 0.9898, which indicates 
acceptable linearity at this long interrogation distance of 96 in.  
 










































(a) Average interrogation power threshold 
(b)  Normalized resonance frequency change 
∆fN versus strain ε ( fR0=915.791 MHz) 
Fig. 5.59. Tensile testing results at 96 in. interrogation distance 
 
5.3.4 Summary 
 The active slotted patch antenna sensor shows significant improvement in the 
interrogation distance by integrating an active RFID chip. The external power can be 
simply supplied by a solar cell with a dimension similar as the sensor. In this case, the 
solar cell can be stacked on top of the sensor, which can maintain the dimension of the 
overall sensor-solar cell system same as the sensor. The experimental results show that 
the active slotted patch antenna sensor is capable of sensing small strain as 20 με with 
reasonable accuracy. The sensor can also monitor the compressive strain with same 
sensing mechanism. The interrogation distance test results indicate that the sensor can be 
detected when the distance between the sensor and reader antenna is up to 156 in. The 
larger interrogation distance enables easier field installation and testing.  
 The folded patch antenna sensor presented in Section 5.1 and slotted patch 
antenna sensor in 5.2 and 5.3 are fabricated by PCB manufacturers, which are relatively 
expensive. In order to reduce the mass production cost, it is necessary to find an 
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alternative fabrication process. To this end, a silver nanoparticle printed sensor is 
designed. Instead of using copper cladding, the antenna pattern is directly printed on top 
of substrate by inkjet-printing techniques. The silver ink printed antenna sensor design 
and test results are presented in the following section.  
 
 Silver-nanoparticle Antenna Sensors 5.4
 The antenna sensors presented in Section 3.3 are fabricated by milling machines 
or wet etching techniques. While providing accurate and reliable fabrication quality, 
these two methods entail expensive production cost [134]. In order to further reduce 
sensor cost at large quantity production, inkjet printing of silver nanoparticle is 
investigated for fabricating folded patch antennas.  Inkjet-printing technique has been 
widely adopted for printing RFID temperature sensor, gas sensor, antennas, and other RF 
electronics [135, 136]. Different inks can be used in printing, such as silver nanoparticles 
[137] and carbon nanotubes (CNTs) [138]. Using this technology, a thin silver layer is 
inkjet-printed to replace copper for electric current conduction on the antenna sensor 
[139]. Section 3.1 introduces the design of silver nanoparticle printed patch antenna 
sensor. Section 3.2 presents strain sensing resolution tests. Section 3.3 describes large 
strain test of the printed antenna sensor. 
 
5.4.1 Inkjet Printing of Silver Nanoparticle Antenna Sensors 
 To replace copper conductor with inkjet-printed silver nanoparticle, an absorbent 
surface is needed for the ink to stay and solidify.  Because the Rogers RT/duroid®5880 
substrate (31-mil thickness) is hydrophobic, the substrate surface is not absorbent to 
silver nanoparticle ink and not suitable for directly printing upon.  Therefore, prior to 
designing the printed antenna sensor, some printing trials are performed.  Based upon the 
trials, Kapton HN thin film with 5-mil thickness is selected as the printing substrate to 
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provide a more absorbent surface to silver ink, so that the printed silver ink layer has 
acceptable conductivity. The film has a tensile modulus of 370 ksi at room temperature, 
and provides elongation up to 82% at room temperature.  However, because the 5-mil 
Kapton film is much thinner than the 31-mil Rogers substrate, antenna performance 
deteriorates if the Kapton film is used to completely replace the Rogers substrate.  The 
performance deterioration includes decrease in both antenna gain and interrogation 
distance.  Furthermore, the Kapton film has a higher relative permittivity (βr=3.5) 
compared with previous Rogers substrate (βr=2.2). The higher relative permittivity can 
also result in larger signal loss. Therefore, the Kapton film is not used to completely 
replace the Rogers substrate, but rather as the thin film to print upon.  To complete the 
entire antenna sensor with comparable performance as before, the Kapton film printed 
with silver ink is laid on top of Rogers substrate.  Fig. 5.60 shows that from top to 
bottom, the four layers of the antenna sensor are the printed silver ink, the 5-mil Kapton 
HN thin film, the 31-mil Rogers RT/duroid®5880 substrate, and the copper ground 
plane.  The manufacturer of the Rogers substrate provides ordering option that allows the 
substrate to be purchased with a copper layer attached on one side as the ground plane. 
 
 
Fig. 5.60. Drawing of printed antenna sensor (perspective view) 
 
 Adding a 5-mil Kapton HN film onto the original copper antenna sensor changes 
electromagnetic behavior of the sensor.  Based on the RFID folded patch antenna sensor, 
the antenna pattern needs to be redesigned for printing, so that the resonance frequency 






remains at around 915 MHz. Therefore, length of the top conducting layer is reduced by 
2mm, along with change of matching line and feeding point for impedance matching with 
the RFID chip. The dimension of the Rogers RT/duroid®5880 substrate remains 61mm × 
69mm, same as previous copper antenna sensor (Fig. 5.61).    
 
  
(a) RFID folded patch antenna sensor 
(using copper conductor) 
(b) Printed RFID antenna sensor 
Fig. 5.61. Design modification of the antenna sensor. 
 
 Early researchers have used a Dimatix Materials printer to inkjet-print silver 
nanoparticles on various substrate materials to form antennas and other RF electronics 
[134, 135].  The silver nanoparticle ink adopted in this research is Cabot Conductive Ink 
CCI-300. The Dimatix Materials printer (Fig. 5.62(a)) uses a cartridge (Fig. 5.62(b)) to 
hold the silver nano-particle ink, and is able to print drop sizes of 1pL (pico-Liter) or 
10pL onto a smooth, hydrophobic surface. The Cabot Conductive Ink CCI-300, which 
contains surface modified ultra-fine silver nanoparticles, is engineered for high 
resolution, low resistivity, and conductive features on a variety of substrates (including 











(a) Dimatix Materials printer: 673 
mm(L) x 584 mm(W) x 419 mm(H) 
(b) Cartridge: 90 mm(L) x 55 mm(W) 
x 15 mm(H) 
Fig. 5.62. Equipment for inkjet printing silver nanoparticle sensors 
 
 To achieve high conductivity, the printed silver nanoparticle layer must be cured 
at 100~150
o
C, depending on the substrate used.  Since the CCI-300 silver nanoparticles 
have reduced melting and sintering temperatures compared to micro-sized particles, the 
printed layer can be cured at temperatures as low as 100
o
C. The curing procedure is 
important because the ink needs to be set in high temperature for the particles to create a 
solid cohesive layer.  After curing, the individual silver nanoparticles conglomerate into a 
solid conductive layer, which is required to provide adequate antenna performance [140].  
Different printing and curing procedures have also been explored to optimize the antenna 
performance.  In the end, it is decided to print 15 or 20 layers of silver nanoparticles in 
total on 5-mil Kapton HN thin film. The ink drop size is 1pL, in order to achieve smooth 
printed surface and a fine printing resolution. Since 15-layer or 20-layer ink is relatively 
thick for one-time curing, the printed antenna pattern is cured after every 5 layers of 
printing. With less newly printing layers every time, the curing quality has been 
improved.  During each curing process, the printed ink is cured for 2 hours at 120 
o
C. The 
printed antenna pattern is shown in Fig. 5.63. The printed antenna pattern is bonded with 
the Rogers RT/duroid® 5880 substrate (thickness of 31 mils) by M-bond 610 glue from 
Vishay.  Holes are punctured through the Kapton HN film at the vias locations of the 
Rogers substrate. Conductive epoxy from CircuitWorks (CW2460) is then applied inside 
vias to connect top silver ink printed antenna pattern with the bottom ground plane. In the 
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end, the RFID chip from NXP Semiconductors is soldered to complete the printed 
antenna sensor.  
 
 
Fig. 5.63. Photo of the inkjet-printed antenna sensor pattern on Kapton HN 
material (3 in.  3 in.) 
 
5.4.2 Strain Sensing Resolution Test 
 Tensile tests are conducted to check the strain sensing resolutions of antenna 
sensors printed with 15 and 20 layers of silver nanoparticles. The experimental setup is 
similar as in Section 5.1.1. A panel antenna from Cushcraft Corporation (S8658WPC) 
serves as the reader antenna, which is placed 12 in. away from the center of the printed 
antenna sensor. The tensile load applied by the testing machine is configured so that 
approximately a 50µε increment is obtained at each loading step. The interrogation power 
threshold of the printed antenna sensor is measured by Tagformance Lite reader at each 
loading step. The applied strain is increased up to around 300µε in seven steps. Section 
5.4.2.1 presents tensile test results of a sensor with 15 layers of printed silver ink. Section 
5.4.2.2 presents results for a 20-layer printed sensor. Section 5.4.3 describes strain 





5.4.2.1 15-layer printed sensor 
 Fig. 5.64(a) shows the average interrogation power threshold at different strain 
levels. The resonance frequency is plotted against each strain level in Fig. 5.64(b).  The 
normalized strain sensitivity is 1.0083 ppm/µε and the coefficient of determination is 
0.8519. Although the sensitivity is close to that of the folded patch antenna sensor, the 
linearity is low. 
 
  
(a) Average interrogation power threshold (b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0=925.410 
MHz) 
Fig. 5.64. Strain sensing results of 15-layer printed sensor 
 
5.4.2.2 20-layer printed sensor 
 Since the linearity of the 15-layer printed sensor is relatively low, a 20-layer 
sensor is printed and tested for performance comparison.  The average interrogation 
power threshold is plotted in Fig. 5.65(a). The interrogation power threshold around the 
resonance frequency is lower than that in Fig. 5.64(a), which means that the printed 
sensor with 20-layer silver ink requires less interrogation power to turn on the RFID chip. 
The reason is that the 20-layer silver ink is more conductive than the 15-layer ink. The 
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resonance frequency versus strain curve is plotted in Fig. 5.65(b). The normalized strain 
sensitivity is 1.0455 ppm/µε, which is higher than the 15-layer sensor presented in Fig. 
5.64. The corresponding coefficient of determination is 0.9175 which is also higher than 
the 15-layer sensor. The improved strain sensitivity and linearity indicate that the sensor 
performance is better with 20-layer fabrication. Nevertheless, the linearity of the 20-layer 
fabrication is still relatively low compared with previous copper antenna sensor.  
 
  
(a) Average interrogation power threshold (b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0=936.436 
MHz) 
Fig. 5.65. Strain sensing results of 20-layer printed sensor 
 
5.4.3 Large Strain Test (30-layer) 
 In this scenario, a 30-layer printed antenna sensor is tested up to 2,000 με with 
500 με/step to check the strain sensing performance. Fig. 5.66(a) shows a 30-layer 
printed antenna sensor installed in the middle of an aluminum specimen, together with 
seven strain gages for reference. Fig. 5.66(b) shows experimental setup of the wireless 
strain sensing test. Other experimental setups and data processing remain the same as in 
Section 5.4.2.1.    
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(a) Photo of the sensor instrumentation for 
wireless sensing experiments 
(b) Photo of the wireless strain sensing 
experiments relationship 
 
Fig. 5.66 Experimental setup for the tensile tests of printed nanoparticles sensor 
  
 Fig. 5.67 (a) shows the average interrogation power threshold plot measured at 
different strain levels. For clarity, only four example strain levels are shown in the figure. 
The normalized resonance frequency change ∆fN over strain is plotted in Fig. 5.67 (b). 
The normalized strain sensitivity is 0.8547 ppm/µε, which is close to previous copper 
antenna sensors. The corresponding coefficient of determination is 0.9953. The linearity 
of the 30-layer printed sensor is further improved compared with previous 15-layer and 









(a) Average interrogation power threshold (b)  Normalized resonance frequency 
change ∆fN versus strain ε ( fR0=916.544 
MHz) 
Fig. 5.67 Strain sensing results of 30-layer printed sensor 
 
5.4.4 Summary 
 This section presents a passive RFID antenna sensor made through inkjet-printing 
of silver nanoparticle ink. In previous sections, although a copper antenna sensor shows 
good performance for strain and crack sensing, the sensor fabrication cost is relatively 
high. To lower fabrication cost, this section investigates inkjet printing technique for 
sensor fabrication. Silver nanoparticle ink is printed on a Kapton polyimide thin film to 
form the conducting layers of the antenna pattern. First, the copper antenna sensor is 
redesigned by integrating 5-mil Kapton HN thin film into the sensor. Strain sensing 
performance of the printed antenna sensor is then validated through numerical simulation. 
For experimental validation, two sensors are fabricated, one with 15-layer printing and 
the other with 20 layers. Both sensors are tested for strain sensing. The tensile test results 
show that the strain sensing linearity of the 20-layer sensor is higher than the 15-layer 
sensor, which indicates that the printed sensor performance can be improved by 
increasing the number of printed silver ink layers. Meanwhile, the strain sensitivity of the 
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printed antenna sensor is also similar as the previous copper patch antenna sensor. Future 
work is needed to improve the strain sensing linearity of the printed sensor. The footprint 
of the copper antenna sensor will be further reduced by implementing miniaturization 
techniques. 
 
 Frequency Doubling Antenna Sensor 5.5
This section presents test results for four different prototypes of the frequency 
doubling antenna sensor. Section 5.5.1 presents strain sensing results of Prototype A 
frequency doubling antenna sensor, which adopts 2.9 GHz patch antenna as sensor-side 
receiving antenna and 5.8 GHz patch antenna as sensor-side transmitting antenna. Section 
5.5.2 presents test results of Prototype B, which replaces 5.8 GHz patch antenna with 5.8 
GHz wideband antenna as the sensor-side transmitting antenna. The 5.8 GHz wideband 
antenna is intentionally designed to avoid multiple peaks of the overall receiving power 
curve. Section 5.5.3 describes the test results of Prototype B, which uses 90° rotated 
patch antenna as the 5.8 GHz sensor-side transmitting antenna to reduce possible 
coupling effect between receiving and transmitting antennas. Finally, the test results of 
Prototype D are presented in Section 5.5.4. Prototype D adopts 90° rotated 5.8 GHz 
wideband patch antenna as the transmitting antenna.  
 
5.5.1 Frequency Doubling Antenna Sensor — Prototype A 
The design drawing and photo of the frequency doubling sensor Prototype A are 
shown in Fig. 5.68. The prototype A frequency doubling antenna sensor includes a 2.9 
GHz patch antenna, a diode-integrated matching network, and a 5.8 GHz patch antenna 
sensor. The total dimension of the prototype A sensor is 142 mm × 70 mm. During 
operation, the reader-side transmitting antenna emits an interrogation signal at frequency 
f first. The 2.9 GHz receiving antenna at the sensor-side receives the interrogation signal 
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and transmits the signal to the sensor side transmitting antenna through diode integrated 
matching network. The signal received at the sensor-side transmitting antenna has a 
frequency of 2f, which has been doubled by the diode. Then the signal with doubled 
frequency is transmitted back to the reader for interpretation. Since the return signal from 
the sensor has different frequency compared with interrogation signal from the reader, the 
reader can easily differentiate signal from frequency doubling antenna sensor to the 
unwanted environmental noise. To improve the energy transmission efficiency across the 




(a) Design drawing (b) Photo of fabricated sensor 
Fig. 5.68. Frequency doubling sensor prototype A. 
 
During the strain sensing test, only the 2.9 GHz transmitting antenna is bonded to 
the structural surface, while all other components are floating over the structural surface. 
To check the result consistency, the strain sensing performance with different 
combinations of reader antennas is investigated. Three different reader antennas: double 
ridge horn antenna, 2.9 GHz pyramidal horn antenna, and 5.8 GHz pyramidal horn 
antenna, are adopted for comparing sensing performance. The key parameters of these 
three reader antennas are summarized in the Table 5.5. As shown in this table, the double 








other hand, the two pyramidal horn antennas, 2.9 GHz and 5.8 GHz antennas, are 
relatively narrowband and have much higher antenna gains. The vertical beamwidths of 
the two pyramidal horn antennas are also small, which may not be good for antenna 
alignment, although the lab experiments are acceptable. 
 




Pyramidal horn antenna 
2.9GHz  5.8 GHz 
Part number AH-118 PE9863/SF-20 PE9859/SF-20 
Frequency range (GHz) 1-18 2.6-3.95 5.85-8.2 
Gain (dBi) 7.2-10.4 20 20 
Vertical beamwidth (°) N/A 17.2 18.7 
Horizontal beamwidth (°) N/A 16.5 18.8 
 
Section 5.5.1.1 shows the results with a double ridged horn antenna as the 2.9 
GHz reader transmitting antenna, and a 5.8GHz pyramidal horn antenna as the 5.8 GHz 
reader receiving antenna. Section 5.5.1.2 presents the results with two pyramidal horn 
antennas as the reader-side transmitting and receiving antenna. 
5.5.1.1 Strain sensing scenario #1 (double ridged horn antenna / 5.8 GHz pyramidal horn 
antenna) 
 In this experiment scenario, a double ridged horn antenna serves as 2.9 GHz 
transmitting antenna at the reader side, while a 5.8 GHz pyramidal horn antenna serves as 
the receiving antenna, as shown in Fig. 5.69. The interrogation distance between reader 
antennas and the sensor is set to 20 in. The tensile loading is increased to generate strain 
up to 300 με with 50 με per loading step. The received power at different frequencies are 
recorded and plotted in Fig. 5.70(a).  The resonance frequencies at different strain levels 
is thus extracted and plotted in Fig. 5.70(b), showing a strain sensitivity of 5.774 kHz/με 




(a) Components of prototype A frequency doubling antenna 
 
(b) Experimental setup 
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(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.70. Experimental results of the frequency doubling sensor (prototype A); a double 
ridged horn and a 5.8 GHz pyramidal horn are used at reader side. 
  
 A similar test is performed to the sensor when the 33nH inductor is removed.  The 
power transmission efficiency of the diode is therefore lower, and the interrogation 
distance is reduced to 12 in. The test results are plotted in Fig. 5.71. The strain sensitivity 
is 3.247 kHz/με and a determination coefficient is 0.9850. 
 



















































  f = -0.005774 + 5794.135
 R2 = 0.9844 
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(a) Average received power plot at 
different strain levels 
(b) Resonance frequency change with 
strain 
Fig. 5.71. Experimental results of the frequency doubling sensor (prototype A) without 
inductor; a double ridged horn and a 5.8 GHz pyramidal horn are used at reader side. 
  
5.5.1.2 Strain sensing scenario #2 (2.9 & 5.8 GHz pyramidal horn antenna) 
 In this scenario, two pyramidal horn antennas serve as 2.9 GHz transmitting and 
5.8 GHz receiving antennas at the reader side. The interrogation distance between reader 
antennas and the sensor is set to 20 in. Fig. 5.72(a) shows the average received power 
plot. The resonance frequencies at all strain levels are then extracted and plotted in Fig. 
5.72(b). The strain sensitivity and the determination coefficient are 5.252 kHz/με and 
0.9611, respectively.  


















































  f = -0.003247 + 5854.151





(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.72. Experimental results of the frequency doubling sensor (prototype A); two 
pyramidal horns are used at reader side. 
 
5.5.2 Prototype B with a 5.8GHz Wideband Antenna 
The design drawing and photo of the Prototype B are shown in Fig. 5.73. Instead 
of using a 5.8 GHz patch antenna as the sensor-side transmitting antenna, a 5.8 GHz 
wideband patch antenna is adopted. In prototype A design, both 2.9GHz and 5.8 GHz 
patch antennas have their own resonance frequencies. When the resonance frequency of 
2.9GHz patch antenna is changed due to strain effect, the sharpness of the overall 
frequency response could be weaken because of the existence of 5.8GHz resonance 
frequency peak. To reduce the effect from 5.8GHz patch antenna, a wideband patch 
antenna is designed as the 5.8GHz transmitting antenna. When the 5.8GHz antenna is 
wideband, the S11 plot is relatively flat, i.e. no peak exists in the frequency response. 
Since the matching network is also designed to work in a large frequency range, no peak 
exists in the frequency response. So the peak of the overall frequency response is only 
due to the peak of the 2.9 GHz patch antenna.  


















































  f = -0.005252 + 5799.251
 R2 = 0.9611 
 180 
 
Fig. 5.73. Components of prototype B frequency doubling antenna sensor 
 
During the strain sensing test, only 2.9 GHz transmitting antenna is bonded to the 
structural surface, while all other components are floating over the structural surface. To 
check the results consistency, the strain sensing performance with different combinations 
of reader antennas is investigated. Section 5.5.2.1 shows the results with a double ridged 
horn antenna as reader-side 2.9 GHz transmitting antenna, and a 5.8 GHz pyramidal horn 
antenna as the reader-side 5.8 GHz receiving antenna. Section 5.5.2.2 presents the results 
with two pyramidal horn antennas as the reader-side transmitting and receiving antenna. 
 
5.5.2.1 Strain sensing scenario #1 (double ridged horn antenna / 5.8 GHz pyramidal horn 
antenna) 
In this scenario, a double ridged horn antenna serves as 2.9 GHz transmitting 
antenna at the reader side, while a 5.8 GHz pyramidal horn antenna serves as the 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
set to 20 in. The transmitted interrogation power is fixed at 15 dBm.  Fig. 5.74 (a) shows 
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extracted and plotted in Fig. 5.74 (b).The strain sensitivity and the determination 
coefficient are 3.775 kHz/με and 0.9193 respectively. 
 
  
(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.74.  Experimental results of the frequency doubling sensor (prototype B); a double 
ridged horn and a 5.8GHz pyramidal horn are used at reader side. 
 
5.5.2.2 Strain sensing scenario #2 (2.9 & 5.8 GHz pyramidal horn antenna) 
 In this scenario, a pyramidal horn antenna serves as the 2.9 GHz transmitting 
antenna at the reader side, and another pyramidal horn antenna serves as the 5.8 GHz 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
set to 20 in. Fig. 5.75(a) shows the average received power plot. The resonance 
frequencies at all strain levels are then extracted and plotted in Fig. 5.75(b). The strain 
sensitivity and the determination coefficient are 2.549 kHz/με and 0.9811, respectively.  




















































  f = -0.003775 + 5795.222
 R2 = 0.9193 
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(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.75. Experimental results of the frequency doubling sensor (prototype B); two 
pyramidal horns are used at reader side. 
 
5.5.3 Prototype C with a 5.8 GHz Patch Antenna Rotated by 90° 
The design drawing and photo of the prototype C are shown in Fig. 5.76. The 
prototype C frequency doubling antenna sensor is composed of a 2.9 GHz patch antenna, 
diode integrated matching network, and a 5.8 GHz patch antenna rotated by 90°. The 
difference between prototype A and C is that the 5.8 GH patch antenna is rotated by 90°. 
The 90° rotation of 5.8 GHz patch antenna is intended to reduce the coupling effect 
between 2.9GHz and 5.8 GHz patch antenna. 



















































  f = -0.002549 + 5785.662
 R2 = 0.9811 
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Fig. 5.76. Components of prototype C frequency doubling antenna sensor 
 
During the strain sensing test, only 2.9 GHz transmitting antenna is bonded to the 
structural surface, while all other components of the sensor are floating over the structural 
surface. To check the results consistency, the strain sensing performance with different 
combinations of reader antennas is investigated. Section 5.5.3.1 shows the results with 
double ridged horn antenna as 2.9 GHz reader transmitting antenna and 5.8 GHz 
pyramidal horn antenna as the 5.8 GHz reader receiving antenna. Section 5.5.3.2 presents 
the results with two pyramidal horn antennas as the reader-side transmitting and receiving 
antenna. 
5.5.3.1 Strain sensing scenario #1 (double ridged horn antenna / 5.8GHz pyramidal horn 
antenna) 
 In this scenario, a double ridged horn antenna serves as 2.9 GHz transmitting 
antenna at the reader side, while a 5.8 GHz pyramidal horn antenna serves as the 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
set to 20 in. Fig. 5.77(a) shows the average received power plot. The resonance 
frequencies at all strain levels are then extracted and plotted in Fig. 5.77(b). The strain 
sensitivity and the determination coefficient are 3.932 kHz/με and 0.9964, respectively. 
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experimental results are shown in Fig. 5.78. The strain sensitivities and the determination 
coefficient are 3.137  kHz/με and 0.8492, respectively (Fig. 5.78). 
 
  
(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.77. Experimental results of the frequency doubling sensor (prototype C); a double 
ridged horn and a 5.8 GHz pyramidal horn are used at reader side. 
 
  
(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.78. Experimental results of the frequency doubling sensor (prototype C); a double 
ridged horn and a 5.8 GHz pyramidal horn are used at reader side. 
 
















































  f = -0.003932 + 5794.792
 R2 = 0.9964 




















































  f = -0.003137 + 5810.496
 R2 = 0.8492 
 185 
5.5.3.2 Strain sensing scenario #2 (2.9 & 5.8GHz pyramidal horn antenna) 
 In this scenario, a pyramidal horn antenna serves as the 2.9 GHz transmitting 
antenna at the reader side, and another pyramidal horn antenna serves as the 5.8 GHz 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
set to 20 in. Fig. 5.79(a) shows the average received power plot. The resonance 
frequencies at all strain levels are then extracted and plotted in Fig. 5.79(b). The strain 
sensitivity and the determination coefficient are 3.471 kHz/με and 0.9134, respectively.  
  
(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.79. Experimental results of the frequency doubling sensor (prototype C); 2.9 GHz 
and 5.8 GHz pyramidal horns are used at reader side. 
 
5.5.4 Prototype D with a 5.8GHz Wideband Patch Antenna Rotated by 90° 
 The design drawing and photo of the Prototype D are shown in Fig. 3.37. The 
prototype D frequency doubling antenna sensor is composed of a 2.9 GHz patch antenna, 
diode integrated matching network, and a 5.8 GHz wideband patch antenna rotated by 
90°. The difference between prototype B and D is that the 5.8 GH wideband patch 
antenna is rotated by 90°. The 90° rotation of 5.8 GHz wideband patch antenna is 




















































  f = -0.003471 + 5802.796
 R2 = 0.9134 
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intended to reduce the coupling effect between 2.9 GHz patch antenna and 5.8 GHz 
wideband patch antenna. 
 
 
Fig. 5.80. Components of prototype D frequency doubling antenna sensor 
 
During the strain sensing test, only 2.9 GHz transmitting antenna is bonded to the 
structural surface, while all other components of the sensor are floating over the structural 
surface. To check the performance consistency, strain sensing is investigated with 
different combinations of reader antennas. Section 5.5.4.1 shows the results with a double 
ridged horn antenna as the sensor-side 2.9 GHz transmitting antenna and a 5.8 GHz 
pyramidal horn antenna as the sensor-side 5.8 GHz reader receiving antenna. Section 
5.5.4.2 presents the results with two pyramidal horn antennas as the reader-side 
transmitting and receiving antenna. 
5.5.4.1 Strain sensing scenario #1 (double ridged horn antenna / 5.8 GHz pyramidal horn 
antenna) 
 In this scenario, a double ridged horn antenna serves as 2.9 GHz transmitting 
antenna at the reader side, while a 5.8 GHz pyramidal horn antenna serves as the 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
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frequencies at all strain levels are then extracted and plotted in Fig. 5.81(b). The strain 
sensitivity and the determination coefficient are 5.257 kHz/με and 0.9970, respectively.  
 
  
(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.81. Experimental results of the frequency doubling sensor (prototype D); a double 
ridged horn and a 5.8 GHz pyramidal horn are used at reader side. 
 
5.5.4.2 Strain sensing scenario #2 (2.9 & 5.8 GHz pyramidal horn antenna) 
 In this scenario, a pyramidal horn antenna serves as the 2.9 GHz transmitting 
antenna at the reader side, and another pyramidal horn antenna serves as the 5.8 GHz 
receiving antenna. The interrogation distance between reader antennas and the sensor is 
set to 20 in. Fig. 5.82(a) shows the average received power plot. The resonance 
frequencies at all strain levels are then extracted and plotted in Fig. 5.82(b). The strain 
sensitivity and the determination coefficient are 3.156 kHz/με and 0.9853, respectively.  
















































  f = -0.005257 + 5799.592
 R2 = 0.9970 
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(a) Average received power plot at 
different strain levels 
(b) Resonance frequency versus strain 
Fig. 5.82. Experimental results of the frequency doubling sensor (prototype D); two 
pyramidal horns are used at the reader side 
 
5.5.5 Summary 
 The section presented experimental results about multiple frequency doubling 
antenna sensors. A Schottky diode is integrated in the sensor design for generating output 
signal at doubled frequency of the input signal, which allows the wireless reader to easily 
distinguish backscattered sensor signal from unwanted environmental reflections. Two 
patch antennas, serving as 2.9 GHz receiving antenna and 5.8 GHz transmitting antenna, 
are first designed as key components of a frequency doubling sensor. To explore the most 
optimal design, frequency doubling antenna sensors with different 5.8 GHz antennas are 
developed.  The strain sensing results show that the strain sensitivity of the frequency 
doubling antenna sensor is about 5 times higher than RFID antenna sensors presented in 
Sections 5.1~5.4. When the 5.8 GHz wideband antenna rotated by 90° is taken as the 
5.8GHz sensor-side transmitting antenna, the received power is higher. At the same time, 
the linearity between resonance frequency and applied strain is greatly improved.  


















































  f = -0.003156 + 5790.453
 R2 = 0.9853 
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CHAPTER 6 SUMMARY  
 The research has invented and validated a series of wireless antenna sensors that 
are developed for convenient and low-cost monitoring of bridge structures.  Building 
upon latest wireless and nano technologies, both RFID antenna sensors and frequency 
doubling sensors are designed for strain/crack monitoring. Both passive and active 
antenna sensors have been investigated.  In the design process of antenna sensors, multi-
physics coupled simulation is adopted to improve the simulation accuracy. Furthermore, 
eigenvalue perturbation methods are introduced to improve the simulation efficiency. The 




 The dissertation has made contributions in the following areas: 
 1. Based on extended experiences on antenna sensor designs, multi-physics 
coupled simulation framework is proposed to improve the simulation accuracy. The 
mechanics-electromagnetics coupled simulation is adopted for RFID antenna sensor 
design. Due to the nonlinear diode, the mechanics-AC/DC-electromagnetics coupled 
simulation is used for frequency doubling antenna sensor design. The simulation 
accuracy is improved compared with simple scaling process. 
 2. To further improve the simulation accuracy, an appropriate method to quantify 
the dielectric constant change under strain is proposed and validated by experiments. 
With updated dielectric constant at different strain levels, the coupled simulation gives 
more accurate simulation results and reduces the discrepancy between simulation and 
experimental results.  
 190 
 3. In order to improve the simulation efficiency, eigenvalue perturbation 
techniques are applied to the eigenvalue problems formulated in the electromagnetic 
domain. Instead of solving the electromagnetic eigenvalue problem at every strain step, 
the eigenvalue at a new strain step is directly updated according to eigenvalue results in 
the previous strain step. Two perturbation methods, first-order eigenvalue perturbation 
method and inverse Rayleigh quotient iteration, are studied and compared. Two antenna 
example, a 2D dipole antenna and the slotted patch antenna sensor, are used to validate 
the algorithm performance. The simulation efficiency can be greatly improved with 
reasonable simulation accuracy by the proposed perturbation techniques. The 
perturbation efficiency and accuracy are analyzed under different strain step sizes.  
 4. A passive RFID folded patch antenna sensor is first developed. Test results 
show that the sensor can measure strain as small as 20 με and as high as 10,000 με. Using 
a Yagi reader antenna, the antenna sensor can achieve consistent strain sensing results 
when the interrogation distance is increased up to 84 in. Furthermore, sensor arrays 
formed by multiple antenna sensors are demonstrated to be capable of measuring strain 
distribution in close proximity. Two scenarios of crack sensing performance are 
presented, including emulated crack sensing and fatigue crack sensing. The experimental 
results demonstrate that the antenna sensor is capable of measuring small cracks and 
tracking crack propagation.   
 5. To reduce the temperature effect on the antenna sensor, another antenna sensor 
is designed on a temperature insensitive substrate (Rogers 6202). The temperature 
chamber test shows that the folded patch antenna sensor with Rogers 6202 substrate has a 
stable frequency response under temperature. The further strain sensing results 
demonstrate that this antenna sensor also has similar strain sensitivity as the folded patch 
antenna sensor on Rogers 5880.    
 6. To reduce the antenna sensor footprint, two RFID slotted patch antenna sensors 
are designed. The area is only about a half of the folded patch antenna sensor.  With an 
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active slotted patch antenna sensor that receives power from a small solar cell, the 
interrogation distance can be further increased to 156 in. The slotted patch antenna 
sensors are also capable of tension and compression strain sensing, emulated crack 
sensing, and fatigue crack sensing of both aluminum and steel specimens.     
 7. To further reduce sensor cost in large-quantity production, inkjet-printing 
techniques of silver nanoparticles have been investigated for fabricating folded patch 
antenna sensors. To validate strain sensing performance, the printed antenna sensor is 
mounted on an aluminum specimen for tensile testing. To achieve better uniformity in the 
printed silver, the printing is performed on a flexible and ink-absorbent 5-mil Kapton 
polyimide film. Bottom of the Kapton thin film is then bonded on a Rogers RT/duroid® 
5880 substrate. The tensile test results show that the measured strain sensitivity of inkjet-
printed sensors is very close to that of the copper antenna sensors made of traditional 
fabrication techniques. 
 8. Multiple frequency doubling antenna sensors are designed and fabricated to 
operate at higher GHz frequencies. A Schottky diode is integrated in the sensor design for 
generating output signal at doubled frequency of the input signal, which allows the 
wireless reader to easily distinguish backscattered sensor signal from unwanted 
environmental reflections. Because operation power of the diode is captured from 
wireless interrogation signal emitted by a reader, no other power source is needed by the 
sensor.  Two patch antennas, serving as 2.9 GHz receiving antenna and 5.8 GHz 
transmitting antenna, are first designed as key components of a frequency doubling 
sensor. A Schottky diode simulation model is first verified by experimental 
measurements, and then used for designing a matching network between the two 
antennas. Consisting of the three components, the frequency doubling antenna sensor is 
fabricated and extensively tested for strain sensing. Furthermore, to explore the most 
optimal design, frequency doubling antenna sensors with different 5.8 GHz antennas are 
developed.  When a wideband antenna sensor rotated by 90° is adopted as the 5.8GHz 
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sensor-side transmitting antenna, the received power is higher and the linearity between 
the resonance frequency and the applied strain is also improved. 
 
 Future Work 6.2
 Building upon current work, future research can be expanded along following 
directions.  
 1. Although the inverse Rayleigh quotient iteration method shows promising 
perturbation accuracy and efficiency, it can be further improved by embedding the 
perturbation algorithm into COMSOL directly. Currently, the global matrices are 
extracted from COMSOL and the perturbation algorithms are conducted in the MATLAB 
environment. Instead of involving computation in two software environments, it is more 
efficient to perform the perturbation directly in COMSOL. The perturbation algorithms 
can be implemented as external functions and embedded directly in COMSOL to 
eliminate the communication between COMSOL and MATLAB to improve the 
computation efficiency.  
 2. Sensing consistency, particularly at longer interrogation distances, can be 
improved. For example, antenna sensors providing higher strain sensitivity and higher 
backscattered power can improve strain sensing consistency. For higher strain sensitivity, 
novel antenna patterns (instead of simple patches) need to be devised to provide larger 
resonance frequency shift under strain.  For higher backscattered power, appropriate 
power amplification solutions can be investigated.  
 3. Currently, the antenna sensor can only measure the strain in one direction. In 
order to measure the strain in different directions, multiple sensors need to be installed in 
a small area. However, the sensor dimensions are still relatively large. In order to 
measure strain in different direction, it is necessary to design an antenna sensor that can 
sense strain in three directions, which then can be used to derive shear strain. 
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 4. The interference between sensors in close proximity is another issue that 
requires more investigation. Sensor placement can be optimized in order to improve 
signal-to-noise ratios. Another way to reduce the interference is to differentiate initial 
resonance frequency fR0 of sensors in close proximity. This approach allows each sensor 
to change its resonance frequencies within a different range, and thus minimizes 
interference. 
 5. Although this research focuses upon application on steel structures, sensor 
performance can be investigated when the antenna sensor is installed on concrete. Since 
smaller reflection is expected from concrete surface compared with steel surface, better 
signal-to-noise ratio is expected and may have better strain or crack sensing results. 
Validation experiments can be designed and conducted to evaluate sensor performance 
on concrete structures.  
 6. Consistency of the frequency doubling sensor is another topic that needs further 
study. Although the frequency doubling sensor has relatively large strain sensitivity, the 
performance is susceptible to location and orientation of reader antennas.  
 7. Portability of the Tagformance reader makes it highly feasible to deploy the 
RFID sensors in the field. Nevertheless, prior to long-term field deployment, large 
amount of studies need to be devoted to reliability and robustness of the antenna sensors 
in outdoor conditions.  Waterproof packaging needs to be designed, and the effect of 
packaging on strain/crack sensing performance should also be studied.   
 In summary, harnessing latest wireless and nano technologies, the research has 
developed a number of novel battery-free wireless antenna sensors that are demonstrated 
to be effective in strain and crack sensing.  Without any requirement of cabling or battery 
power, the antenna sensors have the great potential of low-cost large-scale monitoring of 
engineering structures.  Application of the sensors is not only for bridges, but also can 
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